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  A  method  for  generating  an  acidified  aqueous  salt  solu- 
tion  and  an  aqueous  base  in  a  multichamber  two-compartment 
electrodialytic  water  splitter  having  a  unit  cell  comprised  of  a 
bipolar  membrane,  a  first  cation  permselective  membrane  and 
at  least  one  additional  (preferably  one)  substantially  non-por- 
ous,  water-swollen  cation  permselective  or  neutral  membrane 
disposed  between  a  cation  face  of  the  bipolar  membrane  and  a 
face  of  said  first  cation  membrane  forming  at  least  two  acid 
compartments  and  a  base  compartment  positioned  between 
an  anode  and  a  cathode,  which  comprises  the  steps  of:  (a)  in- 
troducing  a  liquid  comprising  water  to  a  base  compartment 
formed  by  an  anion  face  of  a  bipolar  membrane  and  a  face  of 
said  first  cation  membrane;  (b)  introducing  a  liquid  comprising 
an  aqueous  soluble  salt  to  at  least  one  additional  acid  com- 
partment  formed  by  the  faces  of  said  first  cation  membrane 
and  said  at  least  one  additional  cation  or  neutral  membrane; 
(c)  serially  transferring  the  liquid  comprising  the  aqueous  solu- 
ble  salt  from  said  additional  acid  compartment  to  the  first  acid 
compartment  formed  by  a  face  of  said  at  least  one  additional 
cation  or  neutral  membrane  and  a  cation  face  of  a  bipolar 
membrane;  (d)  passing  direct  current  through  said  water  split- 
ter  thereby  adding  hydrogen  ions  to  the  first  acid  compart- 
ment,  transferring  hydrogen  ions  through  said  at  least  one  ca- 
tion  or  neutral  membrane  from  the  first  acid  compartment  to 
the  said  additional  acid  compartment,  metal  cations  from  the 
acid  compartment  to  the  base  compartment,  and  adding  hy- 

droxide  ions  to  the  liquid  comprising  water  in  the  base  com- 
partment;  (e)  withdrawing  a  liquid  comprising  aqueous  base 
from  the  base  compartment;  and  (f)  withdrawing  an  acidified 
aqueous  soluble  salt  from  the  first  acid  compartment  is  dis- 
closed. 



BACKGROUND  OF  THE  INVENTION 

The  p r e s e n t   i n v e n t i o n   r e l a t e s   to  a  m u l t i c h a m b e r  

a c i d   c o m p a r t m e n t   t w o - c o m p a r t m e n t   e l e c t r o d i a l y t i c   w a t e r  

s p l i t t e r   and  a  m e t h o d   of  u s i n g   same  to  p r o d u c e   a n  

a q u e o u s   s o l u b l e   a c i d i f i e d   s a l t   s o l u t i o n   and  a q u e o u s  
s o l u b l e   b a s e   at   i n c r e a s e d   c u r r e n t   e f f i c i e n c y .  

E l e c t r o d i a l y t i c   w a t e r   s p l i t t i n g   in  a  t w o - c o m p a r t -  

ment   c e l l   is  w e l l   known.   For  e x a m p l e ,   U .S .   P a t e n t   N o .  

4 , 3 9 1 , 6 8 0   d i s c l o s e s   g e n e r a t i o n   of  s t r o n g l y   a c i d i f i e d  

s o d i u m   c h l o r i d e   and  a q u e o u s   s o d i u m   h y d r o x i d e   by  t w o -  

c o m p a r t m e n t   w a t e r   s p l i t t i n g   of  a q u e o u s   s o d i u m  

c h l o r i d e .   H o w e v e r ,   when  g e n e r a t i n g   s t r o n g   a c i d s   in  a  

t w o - c o m p a r t m e n t   e l e c t r o d i a l y t i c   w a t e r   s p l i t t e r ,   t h e  

e f f i c i e n c y   f o r   a c i d   g e n e r a t i o n   f a l l s   r a p i d l y   as  t he   c o n -  

c e n t r a t i o n   of  a c i d   in  the   a c i d   c o m p a r t m e n t   i n c r e a s e s   d u e  

to  m i g r a t i o n   of  h y d r o g e n   i o n s   a c r o s s   the   c a t i o n   m e m b r a n e  

f rom  the   a c i d   c o m p a r t m e n t   i n t o   t he   b a s e   c o m p a r t m e n t .  

V a r i o u s   m e t h o d s   have   been   e m p l o y e d   in  the   p r i o r   a r t  

in  an  a t t e m p t   to  o v e r c o m e   the   d e c r e a s e   in  c u r r e n t   e f f i -  

c i e n c y   w i t h   i n c r e a s e d   a c i d i t y   in  t he   a c i d   c o m p a r t m e n t .  

For  e x a m p l e ,   the   s t a g i n g   of  two  c o n v e n t i o n a l   t w o -  

c o m p a r t m e n t   e l e c t r o d i a l y t i c   w a t e r   s p l i t t e r s   w h e r e b y   t h e  

a c i d i f i e d   s a l t   s o l u t i o n   w i t h d r a w n   f rom  the   a c i d   c o m -  

p a r t m e n t   of  one  t w o - c o m p a r t m e n t   w a t e r   s p l i t t e r   is  fed  t o  

the   a c i d   c o m p a r t m e n t   of  a  s e c o n d   t w o - c o m p a r t m e n t   w a t e r  

s p l i t t e r   is  d i s c l o s e d   in  our  U .S .   P a t e n t   No.  4 , 3 9 1 , 6 8 0 .  

In  an  a t t e m p t   to  i n c r e a s e   the   e f f i c i e n c y   of  t he   b i p o l a r  

m e m b r a n e ,   U .S .   P a t e n t   No.  3 , 1 1 1 , 4 7 2   (Oda  e t   a l . )  

d i s c l o s e s   d i s p o s i n g   a  m i c r o p o r o u s   w a t e r   p e r m e a b l e   c a t i o n  

or  n e u t r a l   m e m b r a n e   in  the   a c i d   a n d / o r   b a s e   c o m p a r t m e n t s  

of  a  t h r e e - c o m p a r t m e n t   e l e c t r o d i a l y t i c   w a t e r   s p l i t t e r .  

The  r e f e r e n c e   d i s c l o s e s   f e e d i n g   a  b r i n e   s o l u t i o n   to  t h e  

a c i d   c o m p a r t m e n t   b o u n d e d   by  a  c a t i o n   f a c e   of  a  b i p o l a r  

m e m b r a n e ,   f l o w i n g   the   a q u e o u s   s o l u t i o n   t h r o u g h   t h e  

m i c r o p o r o u s   w a t e r   p e r m e a b l e   m e m b r a n e s   s e p a r a t i n g   t h e  



a c i d   c o m p a r t m e n t s   and  w i t h d r a w i n g   an  a c i d i f i e d   b r i n e  

s o l u t i o n   f rom  t he   a c i d   c o m p a r t m e n t   n e a r e s t   t he   s a l t  

z o n e .   H o w e v e r ,   O d a ' s   a p p a r a t u s   and  m e t h o d   d o e s   n o t  

o v e r c o m e   t he   l o w e r   e f f i c i e n c y   due  to  m i g r a t i o n   of  t h e  

h y d r o g e n   i o n s   t h r o u g h   the   m e m b r a n e s   i n t o   t he   s a l t   a n d / o r  

b a s e   c o m p a r t m e n t s .  

A l l   of  t h e s e   p r i o r   a r t   d i s c l o s u r e s   r e q u i r e   i n s t a l -  

l a t i o n   of  a u x i l l i a r y   e q u i p m e n t   and  s e p a r a t e   a d d i t i o n a l  

p r o c e s s   s t e p s ,   b o t h   of  w h i c h   i n c r e a s e   c o s t s .   In  v iew  o f  

t he   f o r e g o i n g ,   t he   i n d u s t r y   has   e n d e a v o r e d   to  d e v e l o p   a  

p r o c e s s   c a p a b l e   of  p r o d u c i n g   h i g h l y   a c i d i c   a q u e o u s   b r i n e  

at   low  c e l l   v o l t a g e .   To  d a t e ,   t h i s   had  no t   b e e n  

a c h i e v e d .  

SUMMARY  OF  THE  INVENTION 

In  a c c o r d a n c e   w i t h   t he   p r e s e n t   i n v e n t i o n   t h e r e   i s  

p r o v i d e d   a  m e t h o d   f o r   g e n e r a t i n g   an  a c i d i f i e d   a q u e o u s  
s a l t   s o l u t o n   and  an  a q u e o u s   b a s e   in  a  t w o - c o m p a r t m e n t  

e l e c t r o d i a l y t i c   w a t e r   s p l i t t e r   h a v i n g   a  u n i t   c e l l  

c o m p r i s e d   of  a  b i p o l a r   m e m b r a n e ,   a  f i r s t   c a t i o n  

p e r m s e l e c t i v e   m e m b r a n e   and  a t   l e a s t   one  a d d i t i o n a l  

s u b s t a n t i a l l y   n o n - p o r o u s ,   w a t e r - s w o l l e n   c a t i o n  

p e r m s e l e c t i v e   or  n e u t r a l   m e m b r a n e   d i s p o s e d   b e t w e e n   a  

c a t i o n   f a c e   of  s a i d   b i p o l a r   m e m b r a n e   and  a  f a c e   of  s a i d  

f i r s t   c a t i o n   m e m b r a n e   f o r m i n g   a t   l e a s t   two  a c i d  

c o m p a r t m e n t s   and  a  b a s e   c o m p a r t m e n t   p o s i t i o n e d   b e t w e e n  

an  a n o d e   and  a  c a t h o d e ,   w h i c h   c o m p r i s e s   the   s t e p s   o f :  

(a)  i n t r o d u c i n g   a  l i q u i d   c o m p r i s i n g   w a t e r   to  a  

b a s e   c o m p a r t m e n t   f o r m e d   by  an  a n i o n   f a c e   of  a  b i p o l a r  

m e m b r a n e   and  a  f a c e   of  s a i d   f i r s t   c a t i o n   m e m b r a n e ;  

(b)  i n t r o d u c i n g   a  l i q u i d   c o m p r i s i n g   an  a q u e o u s  
s o l u b l e   s a l t   to  at  l e a s t   one  a d d i t i o n a l   a c i d   c o m p a r t m e n t  

f o r m e d   by  the   f a c e s   of  s a i d   f i r s t   c a t i o n   m e m b r a n e   a n d  

s a i d   a t   l e a s t   one  a d d i t i o n a l   c a t i o n   or  n e u t r a l   m e m b r a n e ;  

(c)  s e r i a l l y   t r a n s f e r r i n g   the   l i q u i d   c o m p r i s i n g  

t h e   a q u e o u s   s o l u b l e   s a l t   f rom  s a i d   a d d i t i o n a l   a c i d   c o m -  

p a r t m e n t   to  t he   f i r s t   a c i d   c o m p a r t m e n t   f o r m e d   by  a  f a c e  

of  at   l e a s t   one  of  s a i d   a d d i t i o n a l   c a t i o n   or  n e u t r a l  

m e m b r a n e s   and  a  c a t i o n   f a c e   of  a  b i p o l a r   m e m b r a n e ;  



(d)  p a s s i n g   d i r e c t   c u r r e n t   t h r o u g h   s a i d   e l e c t r o -  

d i a l y t i c   w a t e r   s p l i t t e r   t h e r e b y   a d d i n g   h y d r o g e n   i o n s   t o  

the   f i r s t   a c i d   c o m p a r t m e n t ,   t r a n s f e r r i n g   h y d r o g e n   i o n s  

t h r o u g h   at  l e a s t   one  of  s a i d   a d d i t i o n a l   c a t i o n   o r  

n e u t r a l   m e m b r a n e s   f rom  the   f i r s t   a c i d   c o m p a r t m e n t   to  t h e  

s a i d   a d d i t i o n a l   a c i d   c o m p a r t m e n t ,   m e t a l   c a t i o n s   f rom  t h e  

a c i d   c o m p a r t m e n t   to  the   b a s e   c o m p a r t m e n t   and  a d d i n g  

h y d r o x i d e   i o n s   to  the   l i q u i d   c o m p r i s i n g   w a t e r   in  t h e  

b a s e   c o m p a r t m e n t ;  

(e)  w i t h d r a w i n g   a  l i q u i d   c o m p r i s i n g   a q u e o u s   b a s e  

f rom  the   b a s e   c o m p a r t m e n t ;   a n d  

(f)  w i t h d r a w i n g   an  a c i d i f i e d   a q u e o u s   s o l u b l e   s a l t  

f rom  the   f i r s t   a c i d   c o m p a r t m e n t .  

In  a d d i t i o n   t h e r e   is  a l s o   p r o v i d e d   an  i m p r o v e d  

a p p a r a t u s   fo r   p r o d u c t i o n   of  a c i d i f i e d   a q u e o u s   s o l u b l e  

s a l t   and  a q u e o u s   s o l u b l e   b a s e   h a v i n g :  

(a)  c e l l   c o n t a i n e r ;  

(b)  a  u n i t   c e l l   c o m p r i s e d   of  a l t e r n a t i n g   b i p o l a r  

and  c a t i o n   p e r m s e l e c t i v e   m e m b r a n e s   t h e r e b y   f o r m i n g  

a l t e r n a t i n g   a c i d   and  b a s e   c o m p a r t m e n t s   p o s i t i o n e d  

b e t w e e n   two  e l e c t r o d e s ;  

(c)  means   to  add  l i q u i d   i n t o   e a c h   b a s e   c o m p a r t -  

m e n t ;  

(d)  means   to  w i t h d r a w   l i q u i d   f rom  e a c h   b a s e   c o m -  

p a r t m e n t ;  

(e)  means   to  add  l i q u i d   i n t o   e a c h   a c i d   c o m p a r t -  

m e n t ;   a n d  

(f)  means   to  w i t h d r a w   l i q u i d   f rom  e a c h   a c i d   c o m -  

p a r t m e n t ,   the   i m p r o v e m e n t   w h i c h   c o m p r i s e s :  

at   l e a s t   one  a d d i t i o n a l   s u b s t a n t i a l l y   n o n - p o r o u s ,  
w a t e r - s w o l l e n   c a t i o n   p e r m s e l e c t i v e   or  n e u t r a l   m e m b r a n e  

d i s p o s e d   b e t w e e n   a  c a t i o n   f a c e   of  a  b i p o l a r   m e m b r a n e   a n d  

a  f a c e   of  a  c a t i o n   p e r m s e l e c t i v e   m e m b r a n e   t h e r e b y   f o r m -  

ing  a  f i r s t   a c i d   c o m p a r t m e n t   and  at   l e a s t   one  a d d i t i o n a l  

a c i d   c o m p a r t m e n t   and  means   to  t r a n s f e r   l i q u i d   f rom  a t  

l e a s t   one  a d d i t i o n a l   a c i d   c o m p a r t m e n t   to  the   f i r s t   a c i d  

c o m p a r t m e n t ,   s a i d   f i r s t   a c i d   c o m p a r t m e n t   b e i n g   f o r m e d   b y  

a  c a t i o n   f a c e   of  a  b i p o l a r   m e m b r a n e   and  a  f a c e   of  a t  



l e a s t   one  a d d i t i o n a l   s u b s t a n t i a l l y   n o n - p o r o u s ,   w a t e r -  

s w o l l e n   c a t i o n   p e r m s e l e c t i v e   or  n e u t r a l   m e m b r a n e s .  

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

F i g u r e   1  s c h e m a t i c a l l y   i l l u s t r a t e s   t he   ion  t r a n s -  

p o r t   in  a  c o n v e n t i o n a l   t w o - c o m p a r t m e n t   e l e c t r o d i a l y t i c  

w a t e r   s p l i t t e r   of  the   p r i o r   a r t .  

F i g u r e   2  s c h e m a t i c a l l y   i l l u s t r a t e s   t he   ion  t r a n s -  

p o r t   in  a  p r e f e r r e d   e m b o d i m e n t   of  t he   p r e s e n t   i n v e n t i o n  

e m p l o y i n g   two  a d d i t i o n a l   s u b s t a n t i a l l y   n o n - p o r o u s ,  
w a t e r - s w o l l e n   c a t i o n   p e r m s e l e c t i v e   m e m b r a n e s .  

F i g u r e   3  s c h e m a t i c a l l y   i l l u s t r a t e s   t he   s t r e a m   f l o w s  

f o r   a  p r e f e r r e d   e m b o d i m e n t   of  t he   p r e s e n t   i n v e n t i o n  

e m p l o y i n g   a  t h r e e   a c i d   s t a g e ,   t w o - c o m p a r t m e n t   m u l t i -  

c h a m b e r   e l e c t r o d i a l y t i c   w a t e r   s p l i t t e r .  

F i g u r e   4  s c h e m a t i c a l l y   i l l u s t r a t e s   a n o t h e r   p r e -  
f e r r e d   e m b o d i m e n t   of  t he   p r e s e n t   i n v e n t i o n   e m p l o y i n g   t w o  

a c i d   s t a g e ,   t w o - c o m p a r t m e n t   m u l t i c h a m b e r   e l e c t r o d i a l y t i c  

w a t e r   s p l i t t e r   of  t he   p r e s e n t   i n v e n t i o n .  

F i g u r e   5  g r a p h i c a l l y   d i s p l a y s   t he   i m p r o v e m e n t   i n  

c u r r e n t   e f f i c i e n c y   w h i c h   o c c u r s   as  t he   number   of  s t a g e s  
is  i n c r e a s e d .  

F i g u r e   6  g r a p h i c a l l y   d i s p l a y s   t he   v a r i a t i o n   o f  

o v e r a l l   c u r r e n t   e f f i c i e n c y   w i t h   i n c r e a s i n g   c o n v e r s i o n  

f o r   t he   p r i o r   a r t   t w o - c o m p a r t m e n t   e l e c t r o d i a l y t i c   w a t e r  

s p l i t t e r   of  F i g u r e   1  f o r   v a r i o u s   c a t i o n   p e r m s e l e c t i v e  

m e m b r a n e s   and  m e t a l   i o n s .  

F i g u r e   7  g r a p h i c a l l y   d i s p l a y s   the   v a r i a t i o n   o f  

o v e r a l l   c u r r e n t   e f f i c i e n c y   v e r s u s   c o n v e r s i o n   f o r   t h e  

p r e f e r r e d   e m b o d i m e n t   of  the   p r e s e n t   i n v e n t i o n   i l l u s -  

t r a t e d   in  F i g u r e   4 .  

F i g u r e   8  g r a p h i c a l l y   d i s p l a y s   t he   v a r i a t i o n   o f  

o v e r a l l   c u r r e n t   e f f i c i e n c y   w i t h   i n c r e a s i n g   p e r c e n t   c o n -  

v e r s i o n   f o r   the   p r e f e r r e d   e m b o d i m e n t   of  t he   p r e s e n t  

i n v e n t i o n   i l l u s t r a t e d   in  F i g u r e   3 .  

F i g u r e   9  g r a p h i c a l l y   d i s p l a y s   the   v a r i a t i o n   o f  

o v e r a l l   c u r r e n t   e f f i c i e n c y   v e r s u s   i n c r e a s i n g   p e r c e n t  

c o n v e r s i o n   f o r   t he   p r i o r   a r t   t w o - c o m p a r t m e n t   e l e c t r o d i a -  

l y t i c   w a t e r   s p l i t t e r   i l l u s t r a t e d   in  F i g u r e   1  and  o p e r -  



a t e d   in  a  b a t c h   r e c i r c u l a t i o n   ( i n f i n i t e   s t a g i n g )   m o d e .  

F i g u r e   10  s c h e m a t i c a l l y   i l l u s t r a t e s   a n o t h e r   p r e -  
f e r r e d   e m b o d i m e n t   of  the   p r e s e n t   i n v e n t i o n   i l l u s t r a t e d  

in  F i g u r e   4  and  a  p r i o r   a r t   t w o - c o m p a r t m e n t   e l e c t r o d i a -  

l y t i c   w a t e r   s p l i t t e r .  

F i g u r e   11  g r a p h i c a l l y   i l l u s t r a t e s   a  c o m p a r i s o n   o f  

the   o v e r a l l   c u r r e n t   e f f i c i e n c y   v e r s u s   p e r c e n t   c o n v e r s i o n  

fo r   the   two  a c i d   s t a g e   t w o - c o m p a r t m e n t   m u l t i c h a m b e r  

e l e c t r o d i a l y t i c   w a t e r   s p l i t t e r   i l l u s t r a t e d   in  F i g u r e   4 

and  fo r   a  p r i o r   a r t   t w o - c o m p a r t m e n t   e l e c t r o d i a l y t i c  

w a t e r   s p l i t t e r   i l l u s t r a t e d   in  F i g u r e   1  o p e r a t e d   i n  

i n f i n i t e   b a t c h   c i r c u l a t i o n   m o d e .  

F i g u r e   13  s c h e m a t i c a l l y   i l l u s t r a t e s   t he   o p e r a t i o n  

of  a n o t h e r   t w o - c o m p a r t m e n t   e l e c t r o d i a l y t i c   w a t e r  

s p l i t t e r   of  the   p r i o r   a r t .  

F i g u r e   14  s c h e m a t i c a l l y   i l l u s t r a t e s   s t i l l   a n o t h e r  

p r e f e r r e d   e m b o d i m e n t   of  the   p r e s e n t   i n v e n t i o n   e m p l o y i n g  

a  two  a c i d   s t a g e ,   t w o - c o m p a r t m e n t   m u l t i c h a m b e r  

e l e c t r o d i a l y t i c   w a t e r   s p l i t t e r   of  the   p r e s e n t   i n v e n t i o n .  

DETAILED  DESCRIPTION  OF  THE  INVENTION 

The  p r e s e n t   i n v e n t i o n   p r o v i d e s   a  m u l t i c h a m b e r   a c i d  

c o m p a r t m e n t   t w o - c o m p a r t m e n t   e l e c t r o d i a l y t i c   w a t e r   s p l i t -  

t e r   u s e f u l   fo r   the   p r o d u c t i o n   of  a c i d i f i e d   a q u e o u s   s a l t  

s o l u t i o n   t h a t   o p e r a t e s   at  a  h i g h e r   o v e r a l l   c u r r e n t   e f f i -  

c i e n c y   t h a n   the   t w o - c o m p a r t m e n t   e l e c t r o d i a l y t i c   w a t e r  

s p l i t t e r s   of  t he   p r i o r   a r t   and  at   h i g h e r   o v e r a l l   c u r r e n t  

e f f i c i e n c y   and  l o w e r   c e l l   v o l t a g e   t h a n   the   t h r e e -  

c o m p a r t m e n t   e l e c t r o d i a l y t i c   w a t e r   s p l i t t e r s   of  t he   p r i o r  

a r t .   A  p r i o r   a r t   t w o - c o m p a r t m e n t   e l e c t r o d i a l y t i c   w a t e r  

s p l i t t e r ,   as  i l l u s t r a t e d   in  F i g u r e   1  c o n t a i n s   a l t e r n a t -  

ing  b i p o l a r   and  c a t i o n   p e r m s e l e c t i v e   m e m b r a n e s   d i s p o s e d  

b e t w e e n   two  e l e c t r o d e s   t h e r e b y   f o r m i n g   a l t e r n a t i n g   a c i d  

and  b a s e   c o m p a r t m e n t s .   The  m u l t i c h a m b e r   a c i d   c o m p a r t -  

ment   t w o - c o m p a r t m e n t   e l e c t r o d i a l y t i c   w a t e r   s p l i t t e r   o f  

the   p r e s e n t   i n v e n t i o n   ( s u c h   as  i l l u s t r a t e d   in  F i g u r e   4) 

d i s p o s e s   at  l e a s t   one  a d d i t i o n a l   s u b s t a n t i a l l y   n o n -  

p o r o u s ,   w a t e r - s w o l l e n   c a t i o n   or  n e u t r a l   m e m b r a n e   b e t w e e n  

a  c a t i o n   f a c e   of  t he   b i p o l a r   and  a  f a c e   of  the   f i r s t  



c a t i o n   p e r m s e l e c t i v e   m e m b r a n e   t h e r e b y   f o r m i n g   at   l e a s t   a  
f i r s t   a c i d   c o m p a r t m e n t ,   A1,  b o u n d e d   by  a  c a t i o n   f a c e   o f  

t h e   b i p o l a r   and  a  f a c e   of  t he   s u b s t a n t i a l l y   n o n - p o r o u s ,  
w a t e r - s w o l l e n   c a t i o n   or  n e u t r a l   m e m b r a n e   and  a t   l e a s t  

one  a d d i t i o n a l   a c i d   c o m p a r t m e n t ,   A2,  b o u n d e d   by  a n o t h e r  

f a c e   of  t he   s u b s t a n t i a l l y   n o n - p o r o u s ,   w a t e r - s w o l l e n  

c a t i o n   or  n e u t r a l   m e m b r a n e   and  a  f a c e   of  the   f i r s t  

c a t i o n   p e r m s e l e c t i v e   m e m b r a n e   b o u n d i n g   the   b a s e   c o m p a r t -  

m e n t .   W h i l e   the   p r i o r   a r t   d e s i r a b l y   o p e r a t e d   a  t w o -  

c o m p a r t m e n t   w a t e r   s p l i t t e r   in  t he   s t a g i n g   or  b a t c h  

r e c i r c u l a t i n g   mode ,   s u c h   s t a g i n g   or  b a t c h   r e c i r c u l a t i o n  

was  o f t e n   i m p r a c t i c a l   e s p e c i a l l y   when  the   a c i d i f i e d  

b r i n e   was  fed   to  a  c o n t i n u o u s   p r o c e s s .   W h i l e   t h r e e -  

c o m p a r t m e n t   e l e c t r o d i a l y t i c   w a t e r   s p l i t t e r s   in  the   p r i o r  

a r t   were   u s e d   to  p r o d u c e   a c i d i f i e d   b r i n e ,   t he   a n i o n   mem- 

b r a n e s   of  the   t h r e e - c o m p a r t m e n t   e l e c t r o d i a l y t i c   w a t e r  

s p l i t t e r   a r e   n o r m a l l y   of  h i g h e r   r e s i s t a n c e   and  m o r e  

p r o n e   to  f a i l i n g   t h a n   c a t i o n   m e m b r a n e s .   The  m u l t i c h a m -  

be r   a c i d   c o m p a r t m e n t   t w o - c o m p a r t m e n t   e l e c t r o d i a l y t i c  

w a t e r   s p l i t t e r   of  t h e  p r e s e n t   i n v e n t i o n   o p e r a t e s   w i t h o u t  

need   f o r   s t a g i n g   and  w i t h o u t   a n i o n   m e m b r a n e s   t h e r e b y  

p r o v i d i n g   h i g h e r   o v e r a l l   c u r r e n t   e f f i c i e n c y   and  l o w e r  

a v e r a g e   c e l l   v o l t a g e   t h a n   p r e v i o u s l y   p o s s i b l e .  

In  a c c o r d a n c e   w i t h   a  p r e f e r r e d   e m b o d i m e n t   of  t h e  

p r e s e n t   i n v e n t i o n   i l l u s t r a t e d   in  F i g u r e   4,  by  f e e d i n g  

a q u e o u s   s o l u b l e   s a l t   to  the   at   l e a s t   one  a d d i t i o n a l   o r  

s e c o n d   a c i d   c h a m b e r ,   A2,  a d j a c e n t   to  t he   b a s e  

c o m p a r t m e n t   and  n e a r e s t   the   a n i o n   f a c e   of  t he   b i p o l a r  

m e m b r a n e   and  by  s e r i a l l y   t r a n s f e r r i n g   a q u e o u s   s o l u b l e  

s a l t   f rom  A2  to  A1  w h e r e i n   h y d r o g e n   ion  is  a d d e d ,   a n  

a c i d i f i e d   a q u e o u s   s a l t   s o l u t i o n   may  be  p r o d u c e d   a n d  

w i t h d r a w n   f rom  the   f i r s t   a c i d   c h a m b e r ,   A l ,   b o u n d e d   b y  

t h e   c a t i o n   f a c e   of  t he   b i p o l a r   and  a  f a c e   of  t h e  

s u b s t a n t i a l l y   n o n - p o r o u s ,   w a t e r - s w o l l e n   c a t i o n   o r  

n e u t r a l   m e m b r a n e .   In  t h i s   way,  t he   p r e s e n t   i n v e n t i o n  

m i n i m i z e s   t he   n e u t r a l i z a t i o n   of  H+  by  OH-  and  t h e r e b y  

i n c r e a s e s   t he   o v e r a l l   e f f i c i e n c y   fo r   p r o d u c t i o n   of  b o t h  
H+  and  O H - .  



By  the   t e r m   " a c i d i f i e d   b r i n e "   as  u sed   h e r e i n   i s  

m e a n t   an  a q u e o u s   s a l t   s o l u t i o n   w h e r e i n   at   l e a s t   a b o u t   1 -  

50  p e r c e n t   by  w e i g h t   of  the   s o l u b l e   s a l t   MA  has  b e e n  

c o n v e r t e d   i n t o   the   c o r r e s p o n d i n g   m o n o h y d r o g e n   a c i d   HA, 
, 

d e p e n d i n g   upon  the   d e g r e e   of  i o n i z a t i o n   t h e r e o f .   T h e  

i n v e n t i o n   is  p a r t i c u l a r l y   u s e f u l   fo r   p r o d u c t i o n   o f  

a c i d i f i e d   b r i n e   c o n t a i n i n g   at   l e a s t   a b o u t   1-5%  HC1  ( a  

h i g h l y   i o n i z e d   a c i d )   and  at  l e a s t   a b o u t   25-50%  NaHS04  ( a  

p a r t i a l l y   i o n i z e d   a c i d )   by  c o n v e r s i o n   of  fo r   e x a m p l e ,   1 

m o l a r   NaCl  s o l u t i o n   i n t o   a b o u t   0 . 0 1   to  0 .05   m o l a r  

H C l / a b o u t   0 . 9 9 - 0 . 9 5   m o l a r   NaCl  and  by  c o n v e r s i o n   of  1 

m o l a r   Na2SO4  s o l u t i o n   i n t o   a b o u t   0 . 2 5 - 0 . 5 0   m o l a r  

N a H S 0 4 / 0 . 7 5 - 0 . 5 0   m o l a r   Na2SO4,   r e s p e c t i v e l y .  

The  p r i o r   a r t   t w o - c o m p a r t m e n t   w a t e r   s p l i t t e r   i l l u s -  

t r a t e d   in  F i g u r e   1  i n c o r p o r a t e s   a  p l u r a l i t y   of  c a t i o n   14 

and  b i p o l a r   ion  e x c h a n g e   m e m b r a n e s   12a  and  12b  a r r a n g e d  

in  an  a l t e r n a t i n g   f a s h i o n   b e t w e e n   two  e l e c t r o d e s   11  a n d  

13  t h u s   f o r m i n g   an  e l e c t r o d i a l y s i s   s t a c k .  

In  F i g u r e   1,  H+  p r o d u c e d   in  A  by  a  b i p o l a r   m e m b r a n e  

12a  is  i n t r o d u c e d   i n t o   a  s a l t   s o l u t i o n   MA  so  t h a t   a n  

a c i d i f i e d   s a l t   s o l u t i o n   is  p r o d u c e d   and  w i t h d r a w n   v i a  

l i n e   10.  The  e f f i c i e n c y   of  the   p r o c e s s   is  d e t e r m i n e d   i n  

p a r t   by  the   r a t i o   of  H+  and  M  c r o s s i n g   c a t i o n   m e m b r a n e  

14.  As  the   a c i d i t y   of  t he   s a l t   s o l u t i o n   is  i n c r e a s e d ,  

more  and  more  of  t he   c u r r e n t   w i l l   be  c a r r i e d   a c r o s s  

c a t i o n   m e m b r a n e   14  by  H+,  t h e r e b y   c a u s i n g   a  r e d u c t i o n   i n  

e f f i c i e n c y   n  f o r   a c i d   and  b a s e   p r o d u c t i o n .   T h e  

e f f i c i e n c y   of  the   s y t e m   may  f o l l o w i n g   the   f o l l o w i n g  

f u n c t i o n :  

Where   n  is  the   c u r r e n t   e f f i c i e n c y   fo r   M+  t r a n s p o r t ,   R  i s  

t he   m o l a r   r a t i o   of  H+  to  M  in  s o l u t i o n ,   ηo  is  t he   e f f i -  

c i e n c y   of  t he   b i p o l a r   m e m b r a n e   and  K  is  a  c o n s t a n t   w h i c h  

d e p e n d s   on  t he   c a t i o n   m e m b r a n e   and  the   M+  i o n s .   T h e  

e x p e r i m e n t a l   r e s u l t s   in  T a b l e   1  of  E x a m p l e   1  h e r e i n b e l o w  

show  t h a t   such   a  f u n c t i o n   of  c u r r e n t   e f f i c i e n c y   v e r s u s  
H+/M+  r a t i o   is  s o m e t i m e s   f o u n d .   The  e x a c t   form  t h a t   t h e  



f u n c t i o n   t a k e s   is  no t   i m p o r t a n t   to  the   p r i n c i p l e   of  t h i s  

i n v e n t i o n   bu t   t he   a b o v e   r e l a t i o n s h i p   has  b e e n   a s s u m e d  

f o r   t he   p u r p o s e   of  c a l c u l a t i o n .  

The  p r e s e n t   i n v e n t i o n   is  u s e f u l   f o r   t he   p r o d u c t i o n  

of  a c i d i f i e d   b r i n e   at   a  h i g h e r   o v e r a l l   c u r r e n t   e f f i -  

c i e n c y ,   c o m p a r e d   to  p r i o r   a r t   t w o -   and  t h r e e - c o m p a r t m e n t  

w a t e r   s p l i t t e r s   ( h a v i n g   r e s p e c t f u l l y ,   a l t e r n a t i n g  

b i p o l a r   and  c a t i o n   e x c h a n g e   m e m b r a n e s   and  a l t e r n a t i n g  

b i p o l a r ,   a n i o n   and  c a t i o n   e x c h a n g e   m e m b r a n e s )   so  l o n g   a s  
H+  m i g r a t i n g   i n t o   the   b a s e   i n c r e a s e s   as  t he   H+  c o n c e n -  

t r a t i o n   in  b r i n e   i n c r e a s e s .   The  a d v a n t a g e s   of  t h e  

p r e s e n t   i n v e n t i o n   w i l l   become  a p p a r e n t   as  t he   h y d r o g e n  

ion  c o n c e n t r a t i o n   in  t he   a c i d i f i e d   b r i n e   i n c r e a s e s ,   a s  

i l l u s t r a t e d   in  the   E x a m p l e s   h e r e i n b e l o w .  

The  n a t u r e   of  t he   i n v e n t i o n   w i l l   be  b e t t e r   u n d e r -  

s t o o d   w i t h   r e f e r e n c e   to  the   d e s c r i p t i o n   of  the   F i g u r e s  

h e r e i n b e l o w .  

F i g u r e   2  w h i c h   shows  a  u n i t   c e l l   of  a  p r e f e r r e d  

m u l t i c h a m b e r   t w o - c o m p a r t m e n t   w a t e r   s p l i t t e r   of  t h e  

p r e s e n t   i n v e n t i o n .   The  c e l l   shown  may  be  c o n s i d e r e d   t o  

have   t h r e e   s t a g e s   s i n c e   t h e r e   a re   t h r e e   a c i d   c o m p a r t -  

m e n t s ,   Ajr   A2  and  A3.  The  c o n s t r u c t i o n   o f  

e l e c t r o d i a l y s i s   s t a c k s   is  w e l l   known  and ,   fo r   e x a m p l e ,  

t h e   u n i t s   c o m m e r c i a l l y   a v a i l a b l e   f rom  A s a h i   G l a s s   C o . ,  

1 - 2 ,   M a r u n o c h i   2 - c h o m e ,   C h i y o d a - k u ,   T o k y o ,   J a p a n ;  

I o n i c s ,   I n c . ,   W a t e r t o w n ,   M a s s a c h u s e t t s   and  o t h e r  

c o m m e r c i a l   s o u r c e s   may  be  m o d i f i e d   in  a c c o r d a n c e   w i t h  

t he   p r e s e n t   i n v e n t i o n .   In  g e n e r a l ,   s t a c k s   w h i c h   a r e  

s u i t a b l e   f o r   e l e c t r o l y t e   c o n c e n t r a t i o n   such   as  the   A s h a i  

Mode l   CU-IV,   may  be  used   as  m u l t i c h a m b e r   a c i d   c o m p a r t -  

m e n t - t w o - c o m p a r t m e n t   w a t e r   s p l i t t e r s   a f t e r   m o d i f i c a t i o n  

in  v iew  of  t he   p r e s e n t   i n v e n t i o n .   H o w e v e r ,   the   b i p o l a r  

m e m b r a n e   u s e d   t h e r e i n   mus t   be  of  a  k i n d   a d a p t a b l e   t o  

w a t e r   s p l i t t i n g .   W h i l e   the   use  of  b i p o l a r   m e m b r a n e s   i s  

to  be  p r e f e r r e d   b e c a u s e   of  the   s i m p l i c i t y   of  e q u i p m e n t ,  

t he   w a t e r   s p l i t t i n g   o p e r a t i o n   may  be  c a r r i e d   ou t   b y  

u s i n g   a  t h i r d   c o m p a r t m e n t   c o n t a i n i n g   a n i o n s   or  c a t i o n s  

i n c a p a b l e   of  p a s s i n g   t h r o u g h   the   a n i o n   and  c a t i o n   mem- 



b r a n e s   on  e i t h e r   s i d e   of  the   c o m p a r t m e n t   as  d e s c r i b e d ,  

fo r   e x a m p l e ,   in  U .S .   P a t e n t s   3 , 7 0 4 , 2 1 8   and  3 , 7 0 5 , 8 4 6 .  

T h i s   a r r a n g e m e n t ,   when  u sed   fo r   w a t e r   s p l i t t i n g ,   o p e r -  

a t e s   by  the   same  p r i n c i p l e s   as  the   b i p o l a r   m e m b r a n e .  

The  t w o - c o m p a r t m e n t   w a t e r   s p l i t t e r   or  i t s   e q u i v a l e n t  

c o n v e r t s   w a t e r   i n t o   h y d r o g e n   and  h y d r o x y l   i o n .   T h e  

w a t e r   s p l i t t e r   e m p l o y s   s u i t a b l e   b i p o l a r   m e m b r a n e s   t h a t  

can  be  of  the   t y p e   d e s c r i b e d ,   fo r   e x a m p l e ,   in  U . S .  

P a t e n t   2 , 8 2 9 , 0 9 5 ,   w h i c h   has  r e f e r e n c e   to  w a t e r   s p l i t t i n g  

g e n e r a l l y ,   or  in  U.S .   P a t e n t   No.  4 , 0 2 4 , 0 4 3   ( s i n g l e   f i l m  

b i p o l a r   m e m b r a n e )   or  in  U.S .   P a t e n t   No.  4 , 1 1 6 , 8 8 9   ( c a s t  

b i p o l a r   m e m b r a n e )   or  any  o t h e r   t y p e   w h i c h   e f f e c t i v e l y  

c o n v e r t s   w a t e r   i n t o   h y d r o g e n   and  h y d r o x y l   i o n s .  

The  c u r r e n t   p a s s e d   t h r o u g h   the   w a t e r   s p l i t t e r   i n  

c o n v e n t i o n a l   f a s h i o n   is  d i r e c t   c u r r e n t   of  a  v o l t a g e   d i c -  

t a t e d   by  d e s i g n   and  p e r f o r m a n c e   c h a r a c t e r i s t i c s   r e a d i l y  

a p p a r e n t   to  the   s k i l l e d   a r t i s a n   a n d / o r   d e t e r m i n e d   b y  

r o u t i n e   e x p e r i m e n t a t i o n .   C u r r e n t   d e n s i t i e s   b e t w e e n   50  

and  250  amps  per   s q u a r e   f o o t   ( b e t w e e n   55  and  270  m i l l i -  

amps  per   s q u a r e   c e n t i m e t e r )  a r e   p r e f e r r e d ;   and  c u r r e n t  

d e n s i t i e s   b e t w e e n   80  and  150  amps  pe r   s q u a r e   f o o t  

( b e t w e e n   85  and  165  m i l l i a m p s   per   s q u a r e   c e n t i m e t e r )   a r e  

more  p r e f e r r e d .   H i g h e r   or  l o w e r   c u r r e n t   d e n s i t i e s   a r e  

c o n t e m p l a t e d ,   h o w e v e r ,   fo r   c e r t a i n   s p e c i f i c   a p p l i c a -  

t i o n s .  

The  c a t i o n   p e r m s e l e c t i v e   m e m b r a n e s   f o u n d   u s e f u l   a s  

the   f i r s t   c a t i o n   m e m b r a n e   is  d i s p o s e d   b e t w e e n   the   a c i d  

c o m p a r t m e n t   f a r t h e s t   f rom  the   c a t i o n   f a c e s   of  t h e  

b i p o l a r   and  the   a d j a c e n t   b a s e   c o m p a r t m e n t s   a re   w e a k l y  

and  s t r o n g l y   a c i d i c   c a t i o n   p e r m s e l e c t i v e   m e m b r a n e s .  

P a r t i c u l a r l y   u s e f u l   f i r s t   c a t i o n   m e m b r a n e s   a re   D u P o n t ' s  

N a f i o n @   a c i d i c   f l u o r o c a r b o n   m e m b r a n e s ,   e s p e c i a l l y  
Na f ion@  110,   901  and  324,   bu t   o t h e r   c o m m e r c i a l l y   a v a i l -  

a b l e   c a t i o n   m e m b r a n e s   such   as  a re   a v a i l a b l e   f rom  A s a h i  

G l a s s   C o . ,   and  I o n i c s ,   I n c .   may  a l s o   be  u s e d .  

The  a d d i t i o n a l   m e m b r a n e s   p o s i t i o n e d   b e t w e e n   c a t i o n  

f a c e s   of  the   b i p o l a r   m e m b r a n e s   and  the   f a c e   of  t he   f i r s t  

c a t i o n   m e m b r a n e   t h e r e b y   f o r m i n g   at   l e a s t   two  a c i d   c o m -  



p a r t m e n t s   may  be  c a t i o n   p e r m s e l e c t i v e   or  n e u t r a l   mem- 
b r a n e s   so  l o n g   as  t he   a d d i t i o n a l   m e m b r a n e s   a r e   s u b s t a n -  

t i a l l y   n o n - p o r o u s   ( to   w a t e r )   and  w a t e r - s w o l l e n .   By  t h e  

t e r m   " s u b s t a n t i a l l y   n o n - p o r o u s   ( to   w a t e r ) "   as  u s e d  

h e r e i n   in  r e f e r e n c e   to  m e m b r a n e s   is  m e a n t   a  m e m b r a n e  

h a v i n g   a  w a t e r   or  h y d r a u l i c   p e r m e a b i l i t y   of  no  more  t h a n  

a b o u t   1  mL  of  w a t e r / d m 2   of  m e m b r a n e   a r e a   per   hour   at   1 

m e t e r   of  w a t e r   p r e s s u r e .   Lower  v a l u e s   of  h y d r a u l i c  

p e r m e a b i l i t y ,   s u c h   as  1  x  10-1   mL/dm2  p e r   hou r   at  1 

m e t e r   of  w a t e r   p r e s s u r e   a re   p r e f e r r e d .   H o w e v e r ,   n o  
l o w e r   l i m i t   f o r   h y d r a u l i c   p e r m e a b i l i t y   has   been   f o u n d  

c r i t i c a l   to  o p e r a t i o n   of  the   p r e s e n t   i n v e n t i o n   so  l o n g  

as  t h e   a d d i t i o n a l   s u b s t a n t i a l l y   n o n - p o r o u s ,   w a t e r -  

s w o l l e n   c a t i o n   or  n e u t r a l   m e m b r a n e   a l l o w s   t r a n s p o r t  

t h e r e t h r o u g h   of  w a t e r   m o l e c u l e s   a c c o m p a n y i n g   i o n s   u n d e r  

t he   i n f l u e n c e   of  a p p l i e d   d i r e c t   c u r r e n t .   Use  o f  

m e m b r a n e s   h a v i n g   v a l u e   of  h y d r a u l i c   p e r m e a b i l i t y   g r e a t e r  
t h a n   a b o u t   1  mL/dm2  pe r   hou r   a t   1  m  of  w a t e r   p r e s s u r e   i s  

to   be  a v o i d e d .  

By  the   t e r m   " w a t e r - s w o l l e n "   as  u sed   h e r e i n   r e f e r -  

e n c e   to  m e m b r a n e s ,   is   m e a n t   w a t e r - i n s o l u b l e ,   b i b u l o u s  

m e m b r a n e .  

Among  the   c a t i o n   m e m b r a n e s   f o u n d   u s e f u l   as  a d d i -  

t i o n a l   s u b s t a n t i a l l y   n o n - p o r o u s ,   w a t e r - s w o l l e n   c a t i o n  

m e m b r a n e s   a r e   s t r o n g l y   or  m o d e r a t e l y   or  w e a k l y   a c i d i c  

c a t i o n   m e m b r a n e s   s u c h   as  a r e   d e s c r i b e d   in  U.S .   P a t e n t  

No.  3 , 9 2 5 , 3 3 2   ( N a i t o   e t   a l . ) o r   as  a re   c o m m e r c i a l l y  

a v a i l a b l e   f rom  D u P o n t   u n d e r   t he   t r a d e   name  N a f i o n ® ,  

a c i d i c   f l u o r o c a r b o n   m e m b r a n e s ,   or  f rom  I o n i c s ,   I n c .   o r  
f rom  A s a h i   G l a s s   C o . ,   u n d e r   t he   t r a d e   name  S e l e m i o n ®   CMV 

s t r o n g l y   a c i d i c   c a t i o n   p e r m s e l e c t i v e   m e m b r a n e s ,   b u t  

o t h e r   c o m m e r c i a l l y   a v a i l a b l e   m e m b r a n e s   may  a l s o   be  u s e d .  

The  s u b s t a n t i a l l y   n o n - p o r o u s ,   w a t e r - s w o l l e n   n e u t r a l  

m e m b r a n e s   u s e f u l   in  the   p r e s e n t   i n v e n t i o n   a re   n o n - i o n  

s e l e c t i v e   b u t   c a t i o n -   and  a n i o n - p e r m e a b l e   i . e .   a re   a b l e  

to  t r a n s p o r t   b o t h   a n i o n s   and  c a t i o n s .   Among  the   n e u t r a l  

m e m b r a n e s   f o u n d   u s e f u l   in  the   p r e s e n t   i n v e n t i o n   a r e  

s u b s t a n t i a l l y   n o n - p o r o u s ,   w a t e r - i n s o l u b i l i z e d ,   b i b u l o u s  



f i l m s   or  c o a t i n g s   of  l o w e r   a l k y l   c e l l u l o s e   e t h e r s   s u c h  

as  m e t h y l ,   e t h y l   or  p r o p y l   c e l l u l o s e   e t h e r s ,   h y d r o x y l -  

e t h y l   or  h y d r o x y p r o p y l   c e l l u l o s e   e t h e r s ;   r e g e n e r a t e d  

c e l l u l o s e   m a t e r i a l s   such   as  c e l l o p h a n e ;   p o l y m e r s  

p r e p a r e d   by  i n t e r p o l y m e r i z i n g   a  d i f u n c t i o n a l   v i n y l  

m o n o m e r ,   e . g .   d i v i n y l b e n z e n e   w i t h   a  n o n - i o n i c  

h y d r o p h i l i c   monomer   such   as  v i n y l   e t h e r s ,   v i n y l  

a l c o h o l s ,   N - v i n y l   p y r r o l i d o n e   and  s u b s t i t u t e d  

d e r i v a t i v e s   t h e r e o f ;   p o l y m e r s   and  c o p o l y m e r s   of  m e t h y l  

m e t h a c r y l a t e ;   p o l y a m i d e s   such   as  n y l o n s ;   and  a r o m a t i c  

p o l y a m i d e s .   P a r t i c u l a r l y   u s e f u l   n e u t r a l   m e m b r a n e s  

i n c l u d e s   s u b s t a n t i a l l y   n o n - p o r o u s ,   w a t e r - i n s o l u b i l i z e d ,  

b i b u l o u s   f i l m s   or  c o a t i n g s   of  the   f o l l o w i n g :   c e l l o -  

p h a n e ;   h y d r o x y l e t h y l   c e l l u l o s e ,   h y d r o x y l p r o p y l   c e l l u -  

l o s e ;   p o l y v i n y l   a l c o h o l ;   c o p o l y m e r s   of  v i n y l   a c e t a t e   a n d  

v i n y l   p y r r o l i d o n e s ,   di  and  m o n o e t h y l e n e   g l y c o l  

m e t h a c r y l a t e ;   c r o s s - l i n k e d   h y d r o x y e t h y l   m e t h a c r y l a t e ;  

p o l y e l e c t r o l y t e   c o m p l e x e s ,   c o p o l y m e r s   of  m e t h y l   m e t h -  

a c r y l a t e   and  g l y c e r o l   m e t h a c r y l a t e ;   c o p o l y m e r s   o f  

h y d r o x y p r o p y l   m e t h a c r y l a t e   and  m e t h y l   m e t h a c r y l a t e ;  

c o p o l y m e r s   of  h y d r o x y   p r o p y l   m e t h a c r y l a t e   and  g l y a d y l  

m e t h a c r y l a t e ;   c o p o l y m e r s   of  p o l y v i n y l   p y r r o l i d o n e   a n d  

m e t h y l e n e   b i s - 4 - p h e n y l   i s o c y a n a t e   and  c o p o l y m e r s   o f  

p o l y v i n y l   p y r r o l i d o n e   and  s t y r e n e   or  d i v i n y l   b e n z e n e .  

The  a q u e o u s   s o l u b l e   s a l t   f o u n d   u s e f u l   in  t he   p r e s -  
e n t   i n v e n t i o n   is  s e l e c t e d   f rom  h a l i d e s ,   s u l f a t e s ,   p h o s -  

p h a t e s ,   c y a n i d e s   or  n i t r a t e s .   The  p r e f e r r e d   h a l i d e   i s  

c h l o r i d e   bu t   f l u o r i d e s   may  a l s o   be  u s e d .   The  p r e f e r r e d  
c a t i o n s   a r e   a l k a l i   m e t a l   c a t i o n s   and  NH4.  Among  t h e  

p a r t i c u l a r l y   u s e f u l   a q u e o u s   s o l u b l e   s a l t s   a re   s o d i u m   a n d  

p o t a s s i u m   c h l o r i d e ,   s u l f a t e ,   p h o s p h a t e   and  n i t r a t e   a n d  

e s p e c i a l l y   NaCl ,   N a 2 S 0 4 ,   KC1  and  K 2 S 0 4 .  
The  o p e r a t i o n   of  the   t h r e e - s t a g e   or  t h r e e - a c i d  

c h a m b e r ,   t w o - c o m p a r t m e n t   e l e c t r o d i a l y t i c   w a t e r   s p l i t t e r  
of  a  p r e f e r r e d   e m b o d i m e n t   of  the   i n v e n t i o n   is  f u r t h e r  

d e s c r i b e d   b e l o w   by  r e f e r e n c e   to  F i g u r e   2 .  

The  a q u e o u s   s o l u b l e   s a l t   s o l u t i o n ,   fo r   e x a m p l e  

a l k a l i   m e t a l   c h l o r i d e   or  a l k a l i   m e t a l   s u l f a t e   o r  



m i x t u r e s   t h e r e o f ,   is  fed   v i a   l i n e   25  i n t o   a c i d   c h a m b e r  

A3.  G e n e r a l l y ,   i t   w i l l   have   a  pH  b e t w e e n   6  and  13,  w i t h  

b a s i c   s o l u t i o n s   ( e . g .   pH  8 -12 )   b e i n g   u s u a l l y   t h o s e  

c o m i n g   f rom  a  p u r i f i c a t i o n   s t e p   in  w h i c h   b a s e   ( e . g .  

c a r b o n a t e   or  h y d r o x i d e )   has  been   added   to  i m p u r e ,  

n a t u r a l l y   o c c u r r i n g   s a l t   s o l u t i o n   to  p r e c i p i t a t e  

p o l y v a l e n t   m e t a l s   such   as  c a l c i u m ,   a l u m i n u m ,   m a g n e s i u m  

and  t he   l i k e .   The  pH  of  the   s o l u t i o n   fed   to  the   f i r s t  

c o m p a r t m e n t   is  no t   c r i t i c a l .  

The  c o n c e n t r a t i o n   of  the   a q u e o u s   s o l u b l e   s a l t ,   f o r  

e x a m p l e ,   a l k a l i   m e t a l   c h l o r i d e   in  the   f e e d   s o l u t i o n   i n  

l i n e   25  may  be  as  low  as  2  w e i g h t   p e r c e n t   f o r   a l k a l i  

m e t a l   c h l o r i d e ,   and  may  be  as  h i g h   as  t he   s o l u b i l i t y   o f  

t he   a l k a l i   m e t a l   c h l o r i d e   in  w a t e r .   P r e f e r a b l y ,   t h e  

f e e d   s o l u t i o n   is  b e t w e e n   5  w e i g h t   p e r c e n t   (more  p r e f e r -  

a b l y   10  w e i g h t   p e r c e n t )   and  the   s a t u r a t i o n   c o n c e n t r a t i o n  

of  a l k a l i   m e t a l   c h l o r i d e .  

P r e f e r a b l y ,   t he   f e e d   s o l u t i o n   is  s u b s t a n t i a l l y   f r e e  

of  o t h e r   c a t i o n s   ( e . g .   C a  ,   M g  ,   Fe++  or  Fe+++)  t h a t  

e i t h e r   w i l l   m i g r a t e   a c r o s s   the   c a t i o n   m e m b r a n e   and  p r e -  

c i p i t a t e   in  t h e   b y - p r o d u c t   a l k a l i   m e t a l   h y d r o x i d e   s o l u -  

t i o n   or  w i l l   p r e c i p i t a t e   and  f o u l   the   c a t i o n   m e m b r a n e .  

In  some  c a s e s   i t   may  be  d e s i r a b l e   t h a t   t he   f e e d   s o l u t i o n  

o f ,   f o r   e x a m p l e ,   a l k a l i   m e t a l   c h l o r i d e   is  a l s o   s u b -  

s t a n t i a l l y   f r e e   of  a n i o n s   o t h e r   t h a n   c h l o r i d e   s u c h   a s  

b r o m i d e   or  s u l f a t e .  

The  l i q u i d   fed   v i a   l i n e   26  to  t he   b a s e   c o m p a r t m e n t s  

may  be  w a t e r   a l o n e ,   or  may  be  w a t e r   w i t h   any  of  a  

v a r i e t y   of  e l e c t r o l y t e s   in  i t .   P r e f e r a b l y ,   t h i s   l i q u i d  

is  n e u t r a l   or  b a s i c   (pH  7 - 1 4 ) ,   and  more  p r e f e r a b l y   i t   i s  

a q u e o u s   a l k a l i   m e t a l   h y d r o x i d e ,   e . g .   s o d i u m   h y d r o x i d e   o f  

a  c o n c e n t r a t i o n   b e t w e e n   1  and  50  w e i g h t   p e r c e n t   ( m o r e  

p r e f e r a b l y   b e t w e e n   5  and  25  w e i g h t   p e r c e n t ) .   T h i s  

c o n c e n t r a t i o n   ( t h e   a c t u a l   f e e d   to  the   b a s e   c o m p a r t m e n t s )  

may  be  a c h i e v e d   by  r e c y c l e ,   s t a g i n g   or  a  c o m b i n a t i o n  

t h e r e o f   as  d e s c r i b e d   in  more  d e t a i l   b e l o w .   The  l i q u i d  

a d d e d   to  t he   b a s e   c o m p a r t m e n t s   may  be  even   more  d i l u t e  

s o d i u m   h y d r o x i d e   or  p u r e   w a t e r ,   or  may  be  the   a q u e o u s  



s o d i u m   h y d r o x i d e   r e c y c l e d   f rom  the   b a s e   c o m p a r t m e n t s .  

The  t h r e e   a c i d   s t a g e   t w o - c o m p a r t m e n t   e l e c t r o d i a l y -  

t i c   w a t e r   s p l i t t e r   i l l u s t r a t e d   in  F i g u r e   2  i n c o r p o r a t e s  

a  p l u r a l i t y   of  u n i t   c e l l s   e a c h   c o m p r i s e d   of  one  b i p o l a r  

m e m b r a n e ,   22a ,   and  two  s u b s t a n t i a l l y   n o n - p o r o u s ,   w a t e r -  

s w o l l e n   c a t i o n   or  n e u t r a l   m e m b r a n e s   24a ,   24b,   and  a  

c a t i o n   p e r m s e l e c t i v e   m e m b r a n e   24c ,   t h e r e b y   f o r m i n g  

a l t e r n a t i n g   f i r s t   a c i d   c o m p a r t m e n t ,   Al ,   s e c o n d   a c i d  

c o m p a r t m e n t ,   A2,  and  t h i r d   a c i d   c o m p a r t m e n t ,   A3,  a n d  

b a s e   c o m p a r t m e n t ,   B,  a r r a n g e d   in  an  a l t e r n a t i n g   f a s h i o n  

b e t w e e n   two  e l e c t r o d e s   anode   21  and  c a t h o d e   23.  T h e  

o p e r a t i o n   of  t he   t h r e e   s t a g e   t w o - c o m p a r t m e n t  

e l e c t r o d i a l y t i c   w a t e r   s p l i t t e r   i l l u s t r a t e d   in  F i g u r e   2 

is  e s s e n t i a l l y   as  f o l l o w s :   a  d i r e c t   c u r r e n t   p a s s a g e  

f rom  anode   21  to  the   c a t h o d e   23.  An  a q u e o u s   s o l u b l e  

s a l t   s o l u t i o n   in  l i n e   25  c o n t a i n i n g   f o r   e x a m p l e   s o d i u m  

c h l o r i d e   is  fed   to  t h i r d   a c i d   c o m p a r t m e n t   A3.  H y d r o g e n  

i o n s   w h i c h   a re   g e n e r a t e d   at   b i p o l a r   m e m b r a n e   22a  m i g r a t e  

t h r o u g h   m e m b r a n e s   24a ,   24b  and  24c  i n t o   b a s e   c o m p a r t m e n t  

B  and  a t   t he   same  t i m e   m e t a l   c a t i o n s   s u c h   as  s o d i u m   i n  

a c i d   c o m p a r t m e n t   A3  m i g r a t e   t h r o u g h   c a t i o n   m e m b r a n e   2 4 c  

i n t o   b a s e   c o m p a r t m e n t   B  t o w a r d s   c a t h o d e   23.  An  a q u e o u s  

s o l u b l e   s a l t   s o l u t i o n   f rom  A3  w h i c h   may  be  a c i d i c ,  

n e u t r a l   or  b a s i c ,   p r e f e r a b l y   a c i d i c ,   is  r e m o v e d  

t h e r e f r o m   v i a   l i n e   27a  i n t o   s e c o n d   a c i d   c o m p a r t m e n t  

A2.  H y d r o g e n   i o n s   and  m e t a l   c a t i o n s   in  Al  m i g r a t e  

t h r o u g h   c a t i o n   or  n e u t r a l   m e m b r a n e   24a  i n t o   s e c o n d   a c i d  

c o m p a r t m e n t   A2.  The  a q u e o u s   s o l u b l e   s a l t   s o l u t i o n   w h i c h  

may  be  n e u t r a l   or  a c i d i c ,   p r e f e r a b l y   a c i d i c ,   is  r e m o v e d  

from  A2  v i a   l i n e   27b  and  fed   to  a c i d   c o m p a r t m e n t   A l .  

H y d r o g e n   i o n s   g e n e r a t e d   at  b i p o l a r   m e m b r a n e   22a  a r e  
added   to  the   a q u e o u s   s o l u b l e   s a l t   s o l u t i o n   in  A1  and  a n  

a c i d i f i e d   a q u e o u s   s a l t   s o l u t i o n   is  w i t h d r a w n   f rom  Al  v i a  

l i n e   29a .   By  a d d i t i o n   of  the   i n t e r m e d i a t e   a c i d   c h a m b e r s  

A1,  A2  and  A3  w h i c h   a re   c o n n e c t e d   in  s e r i e s ,   the   t h i r d  

a c i d   c o m p a r t m e n t   A3,  n e a r e s t   the   a n i o n   f a c e   of  t h e  

b i p o l a r   m e m b r a n e   22b,   c o n t a i n s   the   l o w e s t   a c i d   c o n c e n -  
t r a t i o n   and  the   f i r s t   a c i d   c o m p a r t m e n t   Al ,   n e a r e s t   t h e  



c a t i o n   f a c e   of  b i p o l a r   m e m b r a n e   22a  c o n t a i n s   t he   h i g h e s t  

a c i d   c o n c e n t r a t i o n   t h e r e b y   i m p r o v i n g   the   e f f i c i e n c y   f o r  

a c i d   g e n e r a t i o n   o v e r   p r i o r   a r t   t w o - c o m p a r t m e n t   e l e c t r o -  

d i a l y t i c   w a t e r   s p l i t t e r   i l l u s t r a t e d   in  F i g u r e   1.  By 

d e c r e a s i n g   the   a m o u n t   of  m i g r a t i o n   of  h y d r o g e n   i o n s   i n t o  

t he   b a s e   c o m p a r t m e n t ,   t he   e f f i c i e n c y   f o r   p r o d u c i n g  

a q u e o u s   h y d r o g e n   i o n s   and  h y d r o x i d e   i o n s   is  i n c r e a s e d .  

A  l i q u i d   c o m p r i s i n g   w a t e r ,   p r e f e r a b l y   a l s o   c o m p r i s i n g  

d i l u t e   h y d r o x i d e   is  fed  v i a   l i n e   26  i n t o   b a s e  

c o m p a r t m e n t   B  w h e r e i n   h y d r o x i d e   i o n s   g e n e r a t e d   at   t h e  

a n i o n   f a c e   of  b i p o l a r   m e m b r a n e   22b  a re   a d d e d .   An 

a q u e o u s   h y d r o x i d e   e n r i c h e d   s o l u t i o n   is  r e m o v e d   f rom  B 

v i a   l i n e   2 8 .  

I t   is  c o n t e m p l a t e d   t h a t   t he   f l o w   r a t e s   o u t   of  t h e  

d i f f e r e n t   c o m p a r t m e n t s   may  be  t he   same  or  d i f f e r e n t   a n d  

e s p e c i a l l y   t h e   f l o w   r a t e s   or  t he   n e t   f l o w   r a t e s   a f t e r  

r e c y c l e   o u t   of  t he   b a s e   c o m p a r t m e n t s   may  be  c o n s i d e r a b l y  

s l o w e r   t h a n   t h a t   o u t   of  the   a c i d   c o m p a r t m e n t s   s u c h   t h a t  

t h e   h y d r o x i d e   ion  c o n c e n t r a t i o n   in  t he   p r o d u c t   w i t h d r a w n  

f rom  c o m p a r t m e n t   B  is  s u b s t a n t i a l l y   g r e a t e r   t h a n   t h e  

a c i d   c o n c e n t r a t i o n   in  t he   a c i d i f i e d   a q u e o u s   s a l t   s o l u -  

t i o n   w i t h d r a w n   f rom  Al .   I t   is  a l s o   c o n t e m p l a t e d   t h a t  

t he   f l o w   r a t e s   may  be  a d j u s t e d   such   t h a t   the   a c i d   c o n -  

c e n t r a t i o n   in  t he   p r o d u c t   a q u e o u s   s a l t   w i t h d r a w n   f rom  A1 
is  g r e a t e r   t h a n   the   h y d r o x i d e   ion  c o n c e n t r a t i o n   in  t h e  

p r o d u c t   r e m o v e d   f rom  the   b a s e   c o m p a r t m e n t   B.  

F i g u r e   3  i l l u s t r a t e s   a n o t h e r   p r e f e r r e d   e m b o d i m e n t  

of  t he   p r o c e s s   of  t he   p r e s e n t   i n v e n t i o n   i l l u s t r a t e d   i n  

F i g u r e   2.  A  f e e d / b l e e d   a p p o r t i o n m e n t   m e t h o d   is  u s e d   f o r  

f e e d i n g   and  w i t h d r a w i n g   the   a q u e o u s   s o l u b l e   s a l t   f r o m  

a c i d   c o m p a r t m e n t s   Al ,   A2  and  A3.  A q u e o u s   s o l u b l e   s a l t  

s o l u t i o n   f rom  T-3  is  fed  v i a   l i n e   132c  to  t h i r d   a c i d  

c o m p a r t m e n t   A3.  A q u e o u s   s o l u b l e   s a l t   s o l u t i o n   w h i c h   may  
be  n e u t r a l ,   b a s i c   or  a c i d i c ,   p r e f e r a b l y   a c i d i c ,   i s  

r e m o v e d   f rom  A3  v i a   l i n e   1 3 4 c .   At  l e a s t   a  p o r t i o n   o f  

t he   a q u e o u s   s o l u b l e   s a l t   s o l u t i o n   in  l i n e   134c  is  f e d  

v i a   l i n e   136b  to  t a n k ,   T - 2 .   The  r e m a i n d e r   of  t he   a q u e -  

ous  s o l u b l e   s a l t   s o l u t i o n   in  l i n e   134c  is  r e t u r n e d   t o  



t a n k   T - 3 .   W h i l e   the   c o m p o s i t i o n   of  the   a q u e o u s   s o l u b l e  

s a l t   s o l u t i o n   in  l i n e s   1 3 2 c ,   134c  and  136c  may  be  t h e  

s a m e ,   i t   is  p r e f e r a b l e   t h a t   t he   pH  of  the   a q u e o u s   s o l u -  

b l e   s a l t   s o l u t i o n   in  l i n e   136b  be  more  a c i d i c   t h a n   t h a t  

of  the   a q u e o u s   s o l u b l e   s a l t   s o l u t i o n   in  l i n e   1 3 2 c .  

A q u e o u s   s o l u b l e   s a l t   s o l u t i o n   f rom  t a n k   T-2  is  fed   v i a  

l i n e   132b  to  the   s e c o n d   a c i d   c o m p a r t m e n t   A2.  A q u e o u s  

s o l u b l e   s a l t   s o l u t i o n   f rom  a c i d   c o m p a r t m e n t   A2  i s  

r e m o v e d   v i a   l i n e   134b .   At  l e a s t   a  p o r t i o n   of  t h e  

a q u e o u s   s o l u b l e   s a l t   s o l u t i o n   in  l i n e   134b  is  f o r w a r d e d  

v i a   l i n e   136a  to  t a n k ,   T - 1 .   The  r e m a i n d e r   of  t h e  

a q u e o u s   s o l u b l e   s a l t   s o l u t i o n   w h i c h   is  p r e f e r a b l y   a c i d i c  

is   f o r w a r d e d   v i a   l i n e   134b  back   to  t a n k   T - 2 .   A q u e o u s  
s o l u b l e   s a l t   s o l u t i o n   in  l i n e   132a  is  fed   to  f i r s t   a c i d  

c o m p a r t m e n t   Al  and  an  a c i d i f i e d   a q u e o u s   s a l t   s o l u t i o n   i s  

r e m o v e d   f rom  Al  v i a   l i n e   1 3 4 a .   At  l e a s t   a  p o r t i o n   o f  

the   a c i d i f i e d   a q u e o u s   s o l u b l e   s a l t   s o l u t i o n   in  l i n e   1 3 4 a  

is  r e m o v e d   v i a   l i n e   138  and  the   r e m a i n d e r   r e t u r n e d   t o  

t a n k ,   T - 1 .   In  a l l   o t h e r   r e s p e c t s   the   o p e r a t i o n   of  t h e  

t h r e e   a c i d   s t a g e   t w o - c o m p a r t m e n t   e l e c t r o d i a l y t i c   w a t e r  

s p l i t t e r   i l l u s t r a t e d   in  F i g u r e   3  is  t he   same  as  t h a t  

d e s c r i b e d   in  r e f e r e n c e   to  F i g u r e   2 .  

F i g u r e   4  i l l u s t r a t e s   a n o t h e r   p r e f e r r e d   e m b o d i m e n t  

of  t he   p r e s e n t   i n v e n t i o n   e m p l o y i n g   a  t w o   a c i d   s t a g e   t w o -  

c o m p a r t m e n t   e l e c t r o d i a l y t i c   w a t e r   s p l i t t e r   fo r   p r o d u c -  

t i o n   of  a c i d i f i e d   a q u e o u s   s o d i u m   s u l f a t e .   A q u e o u s  
s o d i u m   s u l f a t e   is  fed  v i a   l i n e   231  to  t a n k   230  and  v i a  

l i n e   232  to  a c i d   c o m p a r t m e n t   A2  f o r m e d   by  a  f a c e   of  a  

s u b s t a n t i a l l y   n o n - p o r o u s ,   w a t e r - s w o l l e n   c a t i o n   or  n e u -  

t r a l   m e m b r a n e   224a  and  a  f a c e   of  a  c a t i o n   p e r m s e l e c t i v e  

m e m b r a n e   2 2 4 b .   Under   the   i n f l u e n c e   of  d i r e c t   a p p l i e d  

c u r r e n t   t h r o u g h   anode   221  and  c a t h o d e   223,   h y d r o g e n   i o n s  

and  s o d i u m   i o n s   m i g r a t e   t h r o u g h   c a t i o n   p e r m s e l e c t i v e  

m e m b r a n e   224b  i n t o   b a s e   c o m p a r t m e n t   B.  An  a c i d i f i e d  

a q u e o u s   s o d i u m   s u l f a t e   s o l u t i o n   p r o d u c e d   in  a c i d   c o m -  

p a r t m e n t   A2  is  r e m o v e d   v i a   l i n e   224  back   to  t a n k   2 3 0 .  

At  l e a s t   a  p o r t i o n   of  the   a c i d i f i e d   s o d i u m   s u l f a t e   s o l u -  

t i o n   f rom  A2  is  r e m o v e d   v i a   l i n e   236  to  l i n e   238  a n d  



f o r w a r d e d   to  f i r s t   a c i d   c o m p a r t m e n t   Al  f o r m e d   by  a  

c a t i o n   f a c e   of  b i p o l a r   m e m b r a n e   222a  and  a  f a c e   of  t h e  

s u b s t a n t i a l l y   n o n - p o r o u s ,   w a t e r - s w o l l e n   c a t i o n   or  n e u -  

t r a l   m e m b r a n e   2 2 4 a .   The  a c i d i f i e d   s o d i u m   s u l f a t e   s o l u -  

t i o n   g e n e r a t e d   by  h y d r o g e n   i o n s   f o r m e d   in  t he   c a t i o n  

f a c e   of  b i p o l a r   m e m b r a n e   222a  is  r e m o v e d   f rom  f i r s t   a c i d  

c o m p a r t m e n t   A1  v i a   l i n e   240  to  t a n k   242.   At  l e a s t   a  

p o r t i o n   of  t h e   a c i d i f i e d   a q u e o u s   s o d i u m   s u l f a t e   s o l u t i o n  

is   r e m o v e d   f rom  t a n k   242  v i a   l i n e   244 .   The  o p e r a t i o n   o f  

t he   b a s e   c o m p a r t m e n t   in  F i g u r e   4  is  a n a l o g o u s   to  t h a t   o f  

t he   b a s e   c o m p a r t m e n t s   in  F i g u r e s   2  and  3 .  

F i g u r e   14  i l l u s t r a t e s  s t i l l   a n o t h e r   p r e f e r r e d  

e m b o d i m e n t   of  t he   p r e s e n t   i n v e n t i o n   e m p l o y i n g   a  two  a c i d  

s t a g e   t w o - c o m p a r t m e n t   e l e c t r o d i a l y t i c   w a t e r   s p l i t t e r   f o r  

p r o d u c t i o n   of  a c i d i f i e d   a q u e o u s   s o d i u m   s u l f a t e .   A q u e o u s  

s o d i u m   s u l f a t e   is  f ed   v i a   l i n e   501  to  t a n k   530  and  v i a  

l i n e   505  to  a c i d   c o m p a r t m e n t   A2  f o r m e d   by  a  f a c e   of  a  

s u b s t a n t i a l l y   n o n - p o r o u s ,   w a t e r - s w o l l e n   c a t i o n   o r  

n e u t r a l   m e m b r a n e   524a  and  a  f a c e   of  a  c a t i o n   p e r m -  
s e l e c t i v e   m e m b r a n e   5 2 4 b .   Under   t he   i n f l u e n c e   of  d i r e c t  

a p p l i e d   c u r r e n t   t h r o u g h   a n o d e   521  and  c a t h o d e   5 2 3 ,  

h y d r o g e n   i o n s   and  s o d i u m   i o n s   m i g r a t e   t h r o u g h   c a t i o n  

p e r m s e l e c t i v e   m e m b r a n e   524b  i n t o   b a s e   c o m p a r t m e n t   B  a n d  

some  h y d r o x i d e   i o n s   m i g r a t e   t h r o u g h   c a t i o n   p e r m s e l e c t i v e  

m e m b r a n e   524b  f rom  b a s e   c o m p a r t m e n t   B  i n t o   a c i d   c o m p a r t -  

men t   A2.  At  l e a s t   a  p o r t i o n   of  t he   a c i d i f i e d   a q u e o u s  
s o d i u m   s u l f a t e   s o l u t i o n   p r o d u c e d   in  a c i d   c o m p a r t m e n t   A2 
is  r e m o v e d   v i a   l i n e   509  back   to  t a n k   530  v i a   l i n e   5 1 0 .  

The  r e m a i n d e r   of  t he   a c i d i f i e d   s o d i u m   s u l f a t e   s o l u t i o n  

f rom  A2  is  r e m o v e d   v i a   l i n e s   509  and  511  to  t a n k   5 4 0 .  

The  a c i d i f i e d   a q u e o u s   s o d i u m   s u l f a t e   s o l u t i o n   is  r e m o v e d  

f rom  t a n k   540  v i a   l i n e   512  and  f o r w a r d e d   to  f i r s t   a c i d  

c o m p a r t m e n t   A1  f o r m e d   by  a  c a t i o n   f a c e   of  b i p o l a r  

m e m b r a n e   522a  and  a  f a c e   of  t he   s u b s t a n t i a l l y   n o n -  

p o r o u s ,   w a t e r - s w o l l e n   c a t i o n   or  n e u t r a l   m e m b r a n e   5 2 4 a .  

The  a c i d i f i e d   s o d i u m   s u l f a t e   s o l u t i o n   f o r m e d   by  h y d r o g e n  

i o n s   i n t r o d u c e d   at   t he   c a t i o n   f a c e   of  b i p o l a r   m e m b r a n e  

522a  is  r e m o v e d   f rom  f i r s t   a c i d   c o m p a r t m e n t   Al  v i a   l i n e s  



513  and  504 .   At  l e a s t   a  p o r t i o n   of  t he   a c i d i f i e d  

a q u e o u s   s o d i u m   s u l f a t e   s o l u t i o n   is  r e m o v e d   f rom  A1  v i a  

l i n e   513  is  r e c i r c u l a t e d   to  t a n k   540  v i a   l i n e   514.   A t  

l e a s t   a  s m a l l   a m o u n t ,   a b o u t   3%,  of  s u l f a t e   i o n s   m a y  

m i g r a t e   t h r o u g h   b i p o l a r   m e m b r a n e   522a  f rom  Al  to  b a s e  

c o m p a r t m e n t   B  (no t   s h o w n ) .   W a t e r   is  a d d e d   v i a   l i n e   5 0 2  

to  b a s e   r e c i r c u l a t i o n   t a n k   550.   An  a q u e o u s   s o d i u m  

h y d r o x i d e   s o l u t i o n   in  l i n e   506  is  fed  to  b a s e  

c o m p a r t m e n t   B  w h e r e i n   h y d r o x i d e   i o n s   f rom  an  a n i o n   f a c e  

of  b i p o l a r   m e m b r a n e   522b  are   i n t r o d u c e d   and  c o m b i n e   w i t h  

s o d i u m   i o n s   t h a t   m i g r a t e   t h r o u g h   c a t i o n   m e m b r a n e   5 2 4 b  

f rom  a c i d   c o m p a r t m e n t   A2.  A  s o d i u m   h y d r o x i d e - e n r i c h e d  

s o l u t i o n   is  r e m o v e d   v i a   l i n e   507  and  at  l e a s t   a  p o r t i o n  

of  l i n e   507  is  r e c y c l e d   to  t a n k   550  and  the   r e m a i n d e r   i s  

r e m o v e d   f rom  l i n e   507  v i a   l i n e   503  as  p r o d u c t .  

The  m u l t i c h a m b e r   a c i d   c o m p a r t m e n t   t w o - c o m p a r t m e n t  

e l e c t r o d i a l y t i c   w a t e r   s p l i t t e r s   of  t he   p r e s e n t   i n v e n t i o n  

may  c o n v e n i e n t l y   be  o p e r a t e d   a t   any  c o n v e n i e n t   t e m p e r a -  

t u r e   b e t w e e n   a b o u t   20°C  and  80°C,   b u t   more  p r a c t i c a l l y  

and  c o n v e n i e n t l y   b e t w e e n   a b o u t   35°C  and  55°C .   In  a  p r e -  
f e r r e d   e m b o d i m e n t   of  the   p r e s e n t   i n v e n t i o n   i l l u s t r a t e d  

in  F i g u r e   4  i n v o l v i n g   s o d i u m   s u l f a t e ,   i t   is  p r e f e r r e d   t o  

m a i n t a i n   t e m p e r a t u r e s   of  at  l e a s t  a b o u t   40°  to  a b o u t   5 5 °  

in  the   e l e c t r o d i a l y t i c   s t a c k ;   the   o v e r a l l   c u r r e n t   e f f i -  

c i e n c y   is  i m p r o v e d   by  a b o u t   2  p e r c e n t   c o m p a r e d   to  o p e r -  

a t i n g   w i t h   a q u e o u s   s o d i u m   s u l f a t e   in  t he   a c i d   l o o p   a t  

t e m p e r a t u r e s   l e s s   t h a n   a b o u t   40°C,   f o r   e x a m p l e ,   a b o u t  

3 5 ° C .  

P r e f e r r e d   e m b o d i m e n t s   of  the   p r e s e n t   i n v e n t i o n  

i l l u s t r a t e d   in  F i g u r e s   2  and  3  i n c o r p o r a t e   t h r e e   s t a g e s  

by  d i s p o s i n g   two  s u b s t a n t i a l l y   n o n - p o r o u s ,   w a t e r - s w o l l e n  

c a t i o n   or  n e u t r a l   m e m b r a n e s   in  t he   a c i d   c o m p a r t m e n t .  

F i g u r e s   4  and  13  i n c o r p o r a t e s   two  s t a g e s   or  two  a c i d  

c o m p a r t m e n t s   by  d i s p o s i n g   o n l y   a  s i n g l e   s u b s t a n t i a l l y  

n o n - p o r o u s ,   w a t e r - s w o l l e n   c a t i o n   or  n e u t r a l   m e m b r a n e   i n  

the   a c i d   c o m p a r t m e n t .   The  number   of  s t a g e s   t h a t   may  b e  

i n c o r p o r a t e d   i n t o   the   a c i d   c o m p a r t m e n t   is  no t   c r i t i c a l  

and  may  be  v a r i e d   f rom  at  l e a s t   two  up  to  a b o u t   t en   s o  



l o n g   as  t he   s o l u t i o n   of  l o w e s t   a c i d i t y   e n t e r s   the   a c i d  

c o m p a r t m e n t   c l o s e s t   to  the   a n i o n   f a c e s   of  t he   b i p o l a r  

m e m b r a n e s   and  f l o w s   s e r i a l l y   to  t he   a c i d   c o m p a r t m e n t  

c l o s e s t   to  t he   c a t i o n   f a c e s   of  t he   b i p o l a r   m e m b r a n e s ,  

w h e r e i n   a  s o l u t i o n   of  h i g h e s t   a c i d i t y   is  p r o d u c e d .   I f  

t h e r e   is  o n l y   one  s t a g e ,   the   w a t e r   s p l i t t e r   w i l l   be  a n  

o r d i n a r y   t w o - c o m p a r t m e n t   w a t e r   s p l i t t e r   as  i l l u s t r a t e d  

in  F i g u r e   1 .  

F i g u r e   5  g r a p h i c a l l y   i l l u s t r a t e s   t he   i m p r o v e m e n t   i n  

e f f i c i e n c y   w h i c h   o c c u r s   as  t he   number   of  s t a g e s   i s  

i n c r e a s e d   in  t he   N a C l / H C l   s y s t e m   u s i n g   h y p o t h e t i c a l  

c a t i o n   m e m b r a n e s   of  p e r f e c t   c a t i o n   p e r m s e l e c t i v i t y   and  a  

K  d e f i n e d   in  e q u a t i o n   (1)  of  3 .5   and  a  p e r f e c t l y  

s e l e c t i v e   b i p o l a r   m e m b r a n e .   I t   has  a l s o   been   a s s u m e d  

f o r   t he   p u r p o s e   of  c a l c u l a t i o n   t h a t   t he   c o m p o s i t i o n   i n  

t he   p r e v i o u s   A  c o m p a r t m e n t s   is  t he   same  as  t h a t   fed  t o  

t h e   n e x t   A  c o m p a r t m e n t ,   i . e . ,   in  F i g .   3  t he   c o m p o s i t i o n  

of  136b  ( f e d   f o r   A2)  is   t he   same  as  t h e   c o m p o s i t i o n   i n  

A3.  T h i s   is  done   to  i l l u s t r a t e   the   i n c r e a s e   i n  

e f f i c i e n c y   w h i c h   m i g h t   be  e x p e c t e d   as  t he   number   o f  

s t a g e s   is  i n c r e a s e d .   For  a c t u a l   s y s t e m s   an  e l e m e n t a r y  

mass   b a l a n c e   can  be  done   u s i n g   e x p e r i m e n t a l l y   d e t e r m i n e d  

v a l u e s   f o r   t h e   t r a n s p o r t   n u m b e r s   a c r o s s   e a c h   m e m b r a n e .  

T h u s ,   t he   w a t e r   s p l i t t e r   h a v i n g   one  s t a g e   c o r r e s p o n d s   t o  

t h a t   of  F i g u r e   1;  t he   w a t e r   s p l i t t e r   h a v i n g   two  s t a g e s  

c o r r e s p o n d s   to  t h a t   of  F i g u r e   4;  and  the   w a t e r   s p l i t t e r  

h a v i n g   t h r e e   s t a g e s   c o r r e s p o n d s   to  t h a t   of  F i g u r e s   2  a n d  

3.  As  t he   number   of  s t a g e s   is   i n c r e a s e d ,   t he   g a i n   i n  

e f f i c i e n c y   by  a d d i n g   a n o t h e r   s t a g e   d e c r e a s e s .   S i n c e  

p o w e r   c o n s u m p t i o n   and  the   c o m p l e x i t y   of  e q u i p m e n t  

i n c r e a s e s   w i t h   i n c r e a s i n g   number   of  s t a g e s ,   t he   m o s t  

p r a c t i c a l   m u l t i c h a m b e r   u n i t s   p r o b a b l y   c o n s i s t   of  two  o r  

t h r e e   s t a g e s .   S i m i l a r   r e s u l t s   a re   e x p e c t e d   u s i n g  

n e u t r a l   m e m b r a n e s   ( f o r   m e m b r a n e s   s e p a r a t i n g   t he   a c i d  

c o m p a r t m e n t s )   and  o t h e r   s a l t s .  

F i g u r e   6  g r a p h i c a l l y   i l l u s t r a t e s   v a r i a t i o n   in  t h e  

o v e r a l l   c u r r e n t   e f f i c i e n c y   to  be  e x p e c t e d   in  t h e  

N a C l / H C l   s y s t e m   w i t h   i n c r e a s i n g   c o n v e r s i o n   of  NaCl  t o  



HCl,   u s i n g   the   one  s t a g e   p r i o r   a r t   t w o - c o m p a r t m e n t   w a t e r  

s p l i t t e r   i l l u s t r a t e d   in  F i g u r e   1  as  c a l c u l a t e d   f o r  

s e v e r a l   v a l u e s   of  K  and  ηo  =  1  a c c o r d i n g   to  e q u a t i o n   E q .  

1  h e r e i n a b o v e .   A  m e m b r a n e   w h i c h   does   no t   s e l e c t i v e l y  

t r a n s p o r t   H+  c o m p a r e d   to  s a l t   c a t i o n s   e x h i b i t s   a  v a l u e  

of  K=l .   Na f ion@  t y p e   m e m b r a n e s   t y p i c a l l y   e x h i b i t   a  

v a l u e   fo r   K  of  a b o u t   3 .5  fo r   N a C l / H C l   s y s t e m s ;   A s a h i  

G l a s s   S e l e m i o n ®   CMV  t y p e   m e m b r a n e s   n o r m a l l y   e x h i b i t   a  K 

of  a b o u t   7  in  N a C l / H C l   s y s t e m s .   G e n e r a l l y ,   use  o f  

c a t i o n   m e m b r a n e s   e x h i b i t i n g   v a l u e s   of  K  l e s s   t h a n   a b o u t  

3-4  is  p a r t i c u l a r l y   d e s i r a b l e .   I t   has  been   a s s u m e d   i n  

t h e s e   c a l c u l a t i o n s   t h a t   e a c h   of  the   c a t i o n   m e m b r a n e s   i s  

p e r f e c t l y   p e r m s e l e c t i v e .  

F i g u r e   7  g r a p h i c a l l y   i l l u s t r a t e s   t he   v a r i a t i o n   i n  

the   o v e r a l l   c u r r e n t   e f f i c i e n c y   to  be  e x p e c t e d   in  t h e  

N a C l / H C l   s y s t e m   u s i n g   the   h y p o t h e t i c a l   m e m b r a n e s  

d e s c r i b e d   in  r e f e r e n c e   to  F i g u r e s   5  &  6  w i t h   i n c r e a s i n g  

c o n v e r s i o n   of  NaCl  to  HC1  u s i n g   the   two  s t a g e   m u l t i -  

c h a m b e r   t w o - c o m p a r t m e n t   w a t e r   s p l i t t e r   of  t he   p r e s e n t  

i n v e n t i o n   such   as  i l l u s t r a t e d   in  F i g u r e   4,  as  c a l c u l a t e d  

for   the  same  v a l u e s   of  K  and  f o r   no  =  1  as  d e s c r i b e d   i n  

r e f e r e n c e   to  F i g u r e   6 .  

F i g u r e   8  g r a p h i c a l l y   i l l u s t r a t e s   t he   v a r i a t i o n   i n  

the   o v e r a l l   c u r r e n t   e f f i c i e n c y   to  be  e x p e c t e d   in  t h e  

N a C l / H C l   s y s t e m   w i t h   i n c r e a s i n g   c o n v e r s i o n   of  NaCl  t o  

HC1  u s i n g   the   t h r e e   s t a g e   m u l t i c h a m b e r   t w o - c o m p a r t m e n t  

w a t e r   s p l i t t e r   of  the   p r e s e n t   i n v e n t i o n   such   as  i l l u s -  

t r a t e d   in  F i g u r e s   2  and  3,  as  c a l c u l a t e d   f o r   the   s a m e  

v a l u e s   of  K  and  fo r   n   =  1  as  d e s c r i b e d   in  r e f e r e n c e   t o  

F i g u r e   6 .  

In  F i g u r e s   6 - 8 ,   the   c o n v e r s i o n   r e f e r s   to  the   f r a c -  

t i o n   of  M+  i n p u t   to  t he   s y s t e m   w h i c h   has   b e e n  

r e p l a c e d .   T h u s ,   i f   100  m o l e s   of  NaCl  is  i n t r o d u c e d   a n d  

the   o u t p u t   is  40  m o l e s   of  HC1  and  60  m o l e s   of  NaCl ,   t h e  

c o n v e r s i o n   w i l l   be  0 . 4 .   As  can  be  s e e n   f rom  i n s p e c t i o n  

of  the   f i g u r e s ,   the   e f f i c i e n c y   is  h i g h e r   fo r   two  a n d  

t h r e e - s t a g e   m u l t i c h a m b e r   t w o - c o m p a r t m e n t   w a t e r   s p l i t t i n g  

t h a n   i t   is  fo r   o r d i n a r y   t w o - c o m p a r t m e n t   w a t e r   s p l i t t i n g  



(one  s t a g e ) .   S i m i l a r   r e s u l t s   a re   e x p e c t e d   u s i n g   o t h e r  

c a t i o n   or  even   n e u t r a l   m e m b r a n e s   and  o t h e r   s a l t s   such   a s  

N a 2 S O 4 / H 2 S O 4 ,   K2SO4/H2SO4 ,   NaN03/HN03  or  N a H P O 4 / H 3 P O 4 .  

In  t he   c o n v e n t i o n a l   a r t ,   t he   e f f i c i e n c y   of  the   t w o -  

c o m p a r t m e n t   w a t e r   s p l i t t e r   such   as  i l l u s t r a t e d   in  F i g u r e  

1  may  be  i m p r o v e d   by  c o n v e n t i o n a l   s t a g i n g .   In  c o n v e n -  

t i o n a l   s t a g i n g   o n l y   a  p o r t i o n   of  t he   p r o c e s s   is  o p e r a t e d  

at   t he   f i n a l   h i g h   c o n v e r s i o n   and  low  e f f i c i e n c y .   An 

e f f i c i e n t   s t a g i n g   m e t h o d   is  a  b a t c h   r e c i r c u l a t i n g   m o d e  

in  w h i c h   a  t a n k   of  s a l t   s o l u t i o n   c o n t a i n i n g   no  a c i d   a t  

t he   s t a r t   wou ld   be  i n t r o d u c e d   i n t o   a  w a t e r   s p l i t t e r ,   t h e  

a c i d i f i e d   o u t p u t   of  t he   w a t e r   s p l i t t e r   r e t u r n e d   to  t h e  

t a n k ,   u n t i l   the   d e s i r e d   d e g r e e   of  c o n v e r s i o n   had  b e e n  

r e a c h e d .   The  c a l c u l a t e d   o v e r a l l   e f f i c i e n c y   f o r   s u c h   a  

b a t c h   r e c i r c u l a t i o n   m e t h o d   is  shown  in  F i g u r e   9  f o r  

t h r e e   v a l u e s   of  K  in  Eq.  1.  C o m p a r i s o n   of  F i g u r e   9  a n d  

F i g u r e s   7  and  8  show  t h a t   t he   m u l t i c h a m b e r   s y s t e m s   o f  

t he   p r e s e n t   i n v e n t i o n   have   an  a d v a n t a g e   in  e f f i c i e n c y  

u n d e r   mos t   c o n d i t i o n s .   In  a d d i t i o n ,   b a t c h   r e c i r c u l a t i o n  

is  f r e q u e n t l y   u n d e s i r a b l e   in  mos t   c h e m i c a l   p r o c e s s e s  
w h e r e   a  c o n t i n u o u s   s t r e a m   of  p r o d u c t   is  n e e d e d .   F o r  

c o n v e n t i o n a l   s t a g i n g   in  a  c o n t i n u o u s   p r o c e s s ,   the   e f f i -  

c i e n c y   w i l l   be  s o m e w h a t   l e s s   t h a n   t h a t   shown  in  F i g u r e   9 

and  t he   m u l t i c h a m b e r   m e t h o d   w i l l   have   a  l a r g e r   a d v a n -  

t a g e .  

I t   is  a l s o   p o s s i b l e   to  use  t he   m u l t i c h a m b e r   m e t h o d  

in  c o n j u n c t i o n   w i t h   c o n v e n t i o n a l   t w o - c o m p a r t m e n t   w a t e r  

s p l i t t i n g   a d v a n t a g e o u s l y .   In  t h i s   a r r a n g e m e n t ,   one  o f  

t he   i n t e r m e d i a t e   s t r e a m s   f rom  the   m u l t i c h a m b e r   u n i t   c a n  

be  i n t r o d u c e d   i n t o   an  o r d i n a r y   t w o - c o m p a r t m e n t   w a t e r  

s p l i t t e r   w i t h   t he   p r o d u c t   f rom  the   t w o - c o m p a r t m e n t   w a t e r  

s p l i t t e r   b e i n g   r e i n t r o d u c e d   i n t o   the   m u l t i c h a m b e r  

u n i t .   An  e x a m p l e   of  such   an  a r r a n g e m e n t   is  shown  i n  

F i g u r e   1 0 .  

EXAMPLE  1 

T h i s   e x a m p l e   i l l u s t r a t e s   the   d e c r e a s e   in  t he   c u r -  

r e n t   e f f i c i e n c y   f o r   p r o d u c t i o n   of  H+  in  an  a q u e o u s   N a C l  

s o l u t i o n   in  t he   a c i d   c o m p a r t m e n t   of  t he   p r i o r   a r t   t w o -  



c o m p a r t m e n t   e l e c t r o d i a l y t i c   w a t e r   s p l i t t e r   shown  i n  

F i g u r e   1.  The  f o l l o w i n g   s o l u t i o n s   were  fed   to  the   w a t e r  

s p l i t t e r :   0.5M  Na2SO4  to  the   anode   and  c a t h o d e   c o m p a r t -  

m e n t s ,   3 .400M  NaCl  to  A  and  1  m o l a r   NaCl  to  B .  

The  H+  p r o d u c e d   by  a  b i p o l a r   m e m b r a n e   12a  is  i n t r o -  

d u c e d   i n t o   a  s a l t   s o l u t i o n   fed   to  a c i d   c o m p a r t m e n t   A  v i a  

l i n e   25  so  t h a t   an  a c i d i f i e d   s a l t   s o l u t i o n   is  p r o -  
d u c e d .   The  e f f i c i e n c y   of  t he   p r o c e s s   is  d e t e r m i n e d   i n  

p a r t   by  the   r a t i o   of  H+  and  M+  c r o s s i n g   the   c a t i o n   mem-  

b r a n e   14.  As  the  a c i d i t y   of  the   s a l t   s o l u t i o n   i s  

i n c r e a s e d ,   more  and  more  of  the   c u r r e n t   w i l l   be  c a r r i e d  

a c r o s s   t he   c a t i o n   m e m b r a n e   by  H+  c a u s i n g   a  r e d u c t i o n   i n  

e f f i c i e n c y   fo r   a c i d   and  b a s e   p r o d u c t i o n .   The  e f f i e n c y  

of  the   s y s t e m   may  f o l l o w   the   f o l l o w i n g   f u n c t i o n :  

Where  n  is  the   c u r r e n t   e f f i e n c y   fo r   M+  t r a n s p o r t ,   R  i s  

the   m o l a r   r a t i o   of  H+  to  M+  in  s o l u t i o n ,   η o  i s   t he   e f f i -  

c i e n c y   of  the   b i p o l a r   m e m b r a n e   and  K  is  a  c o n s t a n t   w h i c h  

d e p e n d s   on  the   c a t i o n   m e m b r a n e   and  the   M+  i o n s .   T h e  

e x p e r i m e n t a l   r e s u l t s   s u m m a r i z e d   in  T a b l e   1  show  t h a t  

such   a  f u n c t i o n   a p p l i e s   in  the   N a C l / H C l   s y s t e m   o p e r a t e d  
in  p r i o r   a r t   t w o - c o m p a r t m e n t   w a t e r   s p l i t t e r   of  F i g u r e  

1.  In  t h i s   c a s e ,   the   c a t i o n   m e m b r a n e   was  a  N a f i o n ®   1 1 0  

( D u P o n t ) .   The  e x a c t   form  t h a t   the   f u n c t i o n   of  c u r r e n t  

e f f i c i e n c y   v e r s u s   H+/M+  r a t i o   t a k e s   is  no t   i m p o r t a n t   t o  

the   p r i n c i p l e   of  t h i s   i n v e n t i o n   bu t   t he   above   r e l a t i o n -  

s h i p   has  been   a s s u m e d   fo r   t he   p u r p o s e   of  c a l c u l a t i o n .  



COMPARATIVE  EXAMPLE  2 

A p p l i c a t i o n   of  M u l t i c h a m b e r   T w o - C o m p a r t m e n t  
W a t e r   S p l i t t i n g   to  A q u e o u s   N a 2 S O 4  

A  c o m p a r i s o n   of  a  p r i o r   a r t   t w o - c o m p a r t m e n t   e l e c -  

t r o d i a l y t i c   w a t e r   s p l i t t e r   w i t h   a  p r e f e r r e d   e m b o d i m e n t  

of  t he   p r e s e n t   i n v e n t i o n   s y s t e m s   f o r   p r o d u c i n g   a c i d i f i e d  

Na2SO4  is  made .   M e t h o d   1  is  a  p r i o r   a r t   t w o - c o m p a r t m e n t  

w a t e r   s p l i t t e r   of  F i g u r e   1  o p e r a t e d   in  a  b a t c h   r e c i r -  

c u l a t i o n   mode  f rom  z e r o   c o n v e r s i o n   to  a  f i n a l   c o n v e r -  

s i o n .   The  c o n v e r s i o n ,   C,  is  d e f i n e d   a s :  

A  c o n v e r s i o n   of  1  t h e r e f o r e   c o r r e s p o n d s   to  a  s o l u t i o n   o f  

NaHS04 .   B a t c h   r e c i r c u l a t i o n   of  t he   a c i d   c o r r e s p o n d s   t o  

an  i n f i n i t e   number   of  f e e d   and  b l e e d   s t a g e s .   A 

c o n t i n u o u s   p r o c e s s   e m p l o y i n g   t h r e e   s t a g e s   would   b e  

s l i g h t l y   l e s s   e f f i c i e n t .   M e t h o d   2  i n v o l v e s   f e e d i n g   a  

s o l u t i o n   of  s a l t   to  t he   s e c o n d   c o m p a r t m e n t   A2  of  the   t w o  

a c i d   c o m p a r t m e n t s   c e l l   i l l u s t r a t e d   in  F i g u r e   4  w i t h   t h e  

o u t p u t   to  t he   s e c o n d   c o m p a r t m e n t   A2  b e i n g   fed  to  t h e  

f i r s t   c o m p a r t m e n t   Al  as  shown  in  F i g u r e   4.  For  t h e  

p u r p o s e s   of  c a l c u l a t i o n ,   i t   is  a s s u m e d   t h a t   t he   s e c o n d  

c o m p a r t m e n t   A2  is  o p e r a t e d   at   the   c o n v e r s i o n   fed   to  t h e  

f i r s t   c o m p a r t m e n t ,   A1,  and  the   f i r s t   A1  a t   t h e  

c o n v e r s i o n   of  t he   f i n a l   p r o d u c t .  



The  e f f i c i e n c y   fo r   g e n e r a t i n g   H2S04  in  Na2SO4  as  a  

f u n c t i o n   of  c o n v e r s i o n   u s i n g   a  p a r t i a l l y   s u l f o n a t e d  

p o l y t y r e n e   c a t i o n   m e m b r a n e   and  a  b i p o l a r   m e m b r a n e  

p r e p a r e d   as  d e s c r i b e d   in  U.S .   P a t e n t   No.  4 , 1 1 6 , 8 8 9   w a s  

d e t e r m i n e d   at  a  c u r r e n t   d e n s i t y   of  109  ma/cm2  a t   5 0 ° .  

The  r e s u l t s   a re   shown  in  T a b l e   I I .   For  the   p u r p o s e s   o f  

c a l c u l a t i o n ,   the   d a t a   have   been   f i t   to  a  q u a d r a t i c   e q u a -  
t i o n .   The  q u a d r a t i c   e q u a t i o n   f i t s   the   d a t a   f a i r l y   w e l l  

as  shown  in  T a b l e   II  and  F i g u r e   1 2 .  

C a l c u l a t i o n   of  the   a v e r a g e   e f f i c i e n c y   w h i c h   w o u l d  

be  o b s e r v e d   to  v a r i o u s   c o n v e r s i o n s   by  the   b a t c h   r e c i r -  

c u l a t i o n   m e t h o d   and  the   e f f i c i e n c y   o b s e r v e d   f o r   t h e  

c a t i o n   m e m b r a n e   c e l l   i l l u s t r a t e d   in  F i g u r e   4  o p e r a t e d   a t  

v a r i o u s   c o n v e r s i o n s   at  50°  was  made .   T h e s e   r e s u l t s   a r e  

s u m m a r i z e d   in  T a b l e s   I I I a   and  b  and  shown  g r a p h i c a l l y   i n  

F i g u r e   1 1 .  

The  r e s u l t s   i n d i c a t e   t h a t   at  c o n v e r s i o n s   above   50 

p e r c e n t ,   the   two  c a t i o n   m e m b r a n e   c e l l   of  F i g u r e   4  h a s  

s i g n i f i c a n t l y   h i g h e r   e f f i c i e n c y   t h a n   the   r e g u l a r   t w o -  

c o m p a r t m e n t   c e l l .   The  two  c a t i o n   m e m b r a n e   c e l l   i s ,   h o w -  

e v e r ,   s o m e w h a t   more  c o m p l e x   t h a n   the   c o n v e n t i o n a l   t w o -  

c o m p a r t m e n t   c e l l   and  would   o p e r a t e   at  a  " s o m e w h a t "  

h i g h e r   v o l t a g e .  



C o m p a r a t i v e   E x a m p l e   3 

The  c u r r e n t   e f f i c i e n c y   (n  c a l c   =  0 . 7 1 2 )   f o r   p r o d u c -  

ing  NaHSO4  in  Na2SO4  a t   45°C  in  a  p r i o r   a r t   t w o -  

c o m p a r t m e n t   w a t e r   s p l i t t e r   i l l u s t r a t e d   in  F i g u r e   13  a n d  



o p e r a t e d   u n d e r   b a t c h   r e c i r c u l a t i o n   is  c o m p a r e d   w i t h   t h e  

c u r r e n t   e f f i c i e n c y   (n  c a l c   =  0 . 8 1 1 )   fo r   p r o d u c i n g   N a H S 0 4  
in  Na2SO4  a t   45°C  in  a  p r e f e r r e d   e m b o d i m e n t   of  the   t w o  

s t a g e   t w o - c o m p a r t m e n t   w a t e r   s p l i t t e r   of  the   p r e s e n t  

i n v e n t i o n   i l l u s t r a t e d   in  F i g u r e   14.  The  e l e c t r o d i a l y t i c  

w a t e r   s p l i t t e r s   i l l u s t r a t e d   in  F i g u r e s   13  and  14  a r e  

i d e n t i c a l   e x c e p t   t h a t   in  F i g u r e   14  an  a d d i t i o n a l   c a t i o n  

m e m b r a n e   (524a)   is  i n s e r t e d   b e t w e e n   the   c a t i o n   f a c e   o f  

b i p o l a r   m e m b r a n e   522a  and  a  f a c e   of  c a t i o n   m e m b r a n e  

524b ,   whose   o t h e r   f a c e s   form  p a r t   of  b a s e   c o m p a r t m e n t  

B.  The  w a t e r   s p l i t t e r s   i l l u s t r a t e d   in  F i g u r e s   13  and  14 

e a c h   c o n t a i n   100  u n i t   c e l l s ;   e a c h   c o m p a r t m e n t   m e a s u r e s  

9 6 . 4   cm  x  9 6 . 4   cm  x  0 . 1 2 7   cm.  An  a p p l i e d   c u r r e n t   o f  

1000  amp,  a  t e m p e r a t u r e   of  45°C  and  a  f l o w   r a t e   of  5 

c m / s e c   a re   u sed   fo r   F i g u r e s   13  and  14.  The  e f f i c i e n c y  

fo r   Na+  t r a n s p o r t   a c r o s s   the   c a t i o n   m e m b r a n e s   of  F i g u r e s  

13  and  14  was  c a l c u l a t e d   f rom  the   f o l l o w i n g   q u a d r a t i c  

e q u a t i o n  

n N a +  =   . 9 9 2 9  -   . 0374   C  -   . 5879   C2 

w h e r e   C  is  t he   same  as  d e f i n e d   in  E x a m p l e   2.  ( T h e  

e q u a t i o n   is  b a s e d   on  r e s u l t s   s u m m a r i z e d   in  T a b l e   I V ) .  

The  e f f i c i e n c y   of  the   b i p o l a r   m e m b r a n e s   was  a s s u m e d   t o  

be  0 .97   (3%  l o s s   of  e f f i c i e n c y   due  to  m i g r a t i o n   o f  

s u l f a t e   t h r o u g h   b i p o l a r   f rom  a c i d   to  b a s e ;   and  the   l o s s  

of  h y d r o x i d e   ion  t h r o u g h   the   c a t i o n   m e m b r a n e s   w a s  

a s s u m e d   to  be  10%  of  the   c u r r e n t ) .  

The  mass  f l o w   for   s t r e a m s   in  F i g u r e s   13  and  14 



g i v e n   in  T a b l e s   V  and  VI,   r e s p e c t i v e l y ,   a re   p r o v i d e d   t o  

h e l p   c l a r i f y   t he   o p e r a t i o n   of  t he   p r o c e s s e s   i l l u s t r a t e d  

in  F i g u r e s   13  and  14  and  do  no t   n e c e s s a r i l y   r e f l e c t  

o p t i m u m   or  r e a l i z a b l e   c o n d i t i o n s   fo r   t he   o p e r a t i o n   o f  

t he   p r o c e s s   of  the   p r e s e n t   i n v e n t i o n .  





1.  A  m e t h o d   f o r   g e n e r a t i n g   an  a c i d i f i e d   a q u e o u s  
s a l t   s o l u t i o n   and  an  a q u e o u s   b a s e   in  a  t w o - c o m p a r t m e n t  

e l e c t r o d i a l y t i c   w a t e r   s p l i t t e r   h a v i n g   a  u n i t   c e l l  

c o m p r i s e d   of  a  b i p o l a r   m e m b r a n e ,   a  f i r s t   c a t i o n  

p e r m s e l e c t i v e   m e m b r a n e   and  a t   l e a s t   one  a d d i t i o n a l  

s u b s t a n t i a l l y   n o n - p o r o u s ,   w a t e r - s w o l l e n   c a t i o n  

p e r m s e l e c t i v e   or  n e u t r a l   m e m b r a n e   d i s p o s e d   b e t w e e n   a  

c a t i o n   f a c e   of  t he   b i p o l a r   m e m b r a n e   and  a  f a c e   of  s a i d  

f i r s t   c a t i o n   m e m b r a n e   f o r m i n g   a t   l e a s t   two  a c i d  

c o m p a r t m e n t s   and  a  b a s e   c o m p a r t m e n t   p o s i t i o n e d   b e t w e e n  

an  a n o d e   and  a  c a t h o d e ,   w h i c h   c o m p r i s e s   t he   s t e p s   o f :  

(a)  i n t r o d u c i n g   a  l i q u i d   c o m p r i s i n g   w a t e r   to  a  b a s e  

c o m p a r t m e n t   f o r m e d   by  an  a n i o n   f a c e   of  a  b i p o l a r   mem-  

b r a n e   and  a  f a c e   of  s a i d   f i r s t   c a t i o n   m e m b r a n e ;  

(b)  i n t r o d u c i n g   a  l i q u i d   c o m p r i s i n g   an  a q u e o u s  
s o l u b l e   s a l t   to  at   l e a s t   one  a d d i t i o n a l   a c i d   c o m p a r t m e n t  

f o r m e d   by  the   f a c e s   of  s a i d   f i r s t   c a t i o n   m e m b r a n e   a n d  

s a i d   at   l e a s t   one  a d d i t i o n a l   c a t i o n   or  n e u t r a l   m e m b r a n e ;  

(c)  s e r i a l l y   t r a n s f e r r i n g   the   l i q u i d   c o m p r i s i n g   t h e  

a q u e o u s   s o l u b l e   s a l t   f rom  s a i d   a d d i t i o n a l   a c i d   c o m p a r t -  

men t   to  t he   f i r s t   a c i d   c o m p a r t m e n t   f o r m e d   by  a  f a c e   o f  

s a i d   a t   l e a s t   one  a d d i t i o n a l   c a t i o n   or  n e u t r a l   m e m b r a n e  

and  a  c a t i o n   f a c e   of  a  b i p o l a r   m e m b r a n e ;  

(d)  p a s s i n g   d i r e c t   c u r r e n t   t h r o u g h   s a i d   e l e c t r o d i a -  

l y t i c   w a t e r   s p l i t t e r   t h e r e b y   a d d i n g   h y d r o g e n   i o n s   to  t h e  

f i r s t   a c i d   c o m p a r t m e n t ,   t r a n s f e r r i n g   h y d r o g e n   i o n s  

t h r o u g h   s a i d   at   l e a s t   one  c a t i o n   or  n e u t r a l   m e m b r a n e  

f rom  the   f i r s t   a c i d   c o m p a r t m e n t   to  t he   s a i d   a d d i t i o n a l  

a c i d   c o m p a r t m e n t ,   m e t a l   c a t i o n s   f rom  the   a c i d  

c o m p a r t m e n t   to  t he   b a s e   c o m p a r t m e n t   and  a d d i n g   h y d r o x i d e  

i o n s   to  t he   l i q u i d   c o m p r i s i n g   w a t e r   in  t he   b a s e  

c o m p a r t m e n t ;  

(e)  w i t h d r a w i n g   a  l i q u i d   c o m p r i s i n g   a q u e o u s   b a s e  

f rom  t he   b a s e   c o m p a r t m e n t ;   a n d  

(f)  w i t h d r a w i n g   an  a c i d i f i e d   a q u e o u s   s o l u b l e   s a l t  

f rom  t he   f i r s t   a c i d   c o m p a r t m e n t .  

2.  The  m e t h o d   of  c l a i m   1  w h e r e i n   t he   r e s i d e n c e  



t i m e   of  s a i d   l i q u i d   c o m p r i s i n g   a q u e o u s   s o l u b l e   s a l t   i n  

s a i d   a c i d   c o m p a r t m e n t s   is  s u f f i c i e n t   to  c o n v e r t   at   l e a s t  

50  p e r c e n t   of  t he   a q u e o u s   s o l u b l e   s a l t   i n t o   the   c o r r e -  

s p o n d i n g   m o n o h y d r o g e n   a c i d .  

3.  The  m e t h o d   of  c l a i m   1  w h e r e i n   the   a q u e o u s   s o l u -  

b l e   s a l t   is  s e l e c t e d   f rom  h a l i d e ,   s u l f a t e ,   p h o s p h a t e ,  

c y a n i d e   or  n i t r a t e .  

4.  The  m e t h o d   of  c l a i m   3  w h e r e i n   the   a q u e o u s   s o l u -  

b l e   s a l t   is  N a C l .  

5.  The  m e t h o d   of  c l a i m   1  w h e r e i n   at  l e a s t   o n e  
a d d i t i o n a l   s u b s t a n t i a l l y   n o n - p o r o u s ,   w a t e r - s w o l l e n   p e r m -  
s e l e c t i v e   m e m b r a n e   is  a d d e d .  

6.  The  m e t h o d   of  c l a i m   1  w h e r e i n   at  l e a s t   one  s u b -  

s t a n t i a l l y   n o n - p o r o u s ,   w a t e r - s w o l l e n   n e u t r a l   m e m b r a n e   i s  

u s e d .  

7.  The  m e t h o d   of  c l a i m   1  w h e r e i n   the   l i q u i d   c o m -  

p r i s i n g   a q u e o u s   s o l u b l e   s a l t   fed   to  t he   a d d i t i o n a l   a c i d  

c o m p a r t m e n t   n e a r e s t   the   c a t h o d e   is  l i q u i d   c o m p r i s i n g  

a q u e o u s   s o l u b l e   s a l t   w i t h d r a w n   f rom  the   a c i d   c o m p a r t m e n t  
of  a  t w o - c o m p a r t m e n t   e l e c t r o d i a l y t i c   w a t e r   s p l i t t e r   c o m -  
p r i s e d   of  a l t e r n a t i n g   b i p o l a r   and  c a t i o n   p e r m s e l e c t i v e  
m e m b r a n e s   t h e r e b y   f o r m i n g   a l t e r n a t i n g   a c i d   and  b a s e   c o m -  

p a r t m e n t s   p o s i t i o n e d   b e t w e e n   an  a n o d e   and  a  c a t h o d e .  

8.  In  an  a p p a r a t u s   fo r   p r o d u c t i o n   of  a c i d i f i e d  

a q u e o u s   s o l u b l e   s a l t   and  a q u e o u s   s o l u b l e   b a s e   h a v i n g :  

(a)  c e l l   c o n t a i n e r ;  

(b)  a  u n i t   c e l l   c o m p r i s e d   of  a l t e r n a t i n g   b i p o l a r  
and  c a t i o n   p e r m s e l e c t i v e   m e m b r a n e s   t h e r e b y   f o r m i n g  

a l t e r n a t i n g   a c i d   and  ba se   c o m p a r t m e n t s   p o s i t i o n e d  

b e t w e e n   two  e l e c t r o d e s ;  

(c)  means   to  add  l i q u i d   i n t o   e a c h   b a s e   c o m p a r t -  

m e n t ;  

(d)  means   to  w i t h d r a w   l i q u i d   f rom  e a c h   b a s e   c o m -  

p a r t m e n t ;  

(e)  means   to  add  l i q u i d   i n t o   e a c h   a c i d   c o m p a r t -  

m e n t ;   a n d  

(f)  means   to  w i t h d r a w   l i q u i d   f rom  each   a c i d   c o m -  

p a r t m e n t ,   t he   i m p r o v e m e n t   w h i c h   c o m p r i s e s :  



a t   l e a s t   one  a d d i t i o n a l   s u b s t a n t i a l l y   n o n - p o r o u s ,  
w a t e r - s w o l l e n   c a t i o n   p e r m s e l e c t i v e   or  n e u t r a l   m e m b r a n e  

d i s p o s e d   b e t w e e n   a  c a t i o n   f a c e   of  a  b i p o l a r   m e m b r a n e   a n d  

a  f a c e   of  a  c a t i o n   p e r m s e l e c t i v e   m e m b r a n e   t h e r e b y   f o r m -  

ing  a  f i r s t   a c i d   c o m p a r t m e n t   and  a t   l e a s t   one  a d d i t i o n a l  

a c i d   c o m p a r t m e n t   and  means   to  t r a n s f e r   l i q u i d   f rom  a t  

l e a s t   one  a d d i t i o n a l   a c i d   c o m p a r t m e n t   to  the   f i r s t   a c i d  

c o m p a r t m e n t ,   s a i d   f i r s t   a c i d   c o m p a r t m e n t   b e i n g   f o r m e d   b y  

a  c a t i o n   f a c e   of  a  b i p o l a r   m e m b r a n e   and  a  f a c e   of  a t  

l e a s t   one  a d d i t i o n a l   s u b s t a n t i a l l y   n o n - p o r o u s ,   w a t e r -  

s w o l l e n   c a t i o n   p e r m s e l e c t i v e   or  n e u t r a l   m e m b r a n e s .  

9.  The  a p p a r a t u s   of  c l a i n   8  w h e r e i n   at   l e a s t   o n e  

a d d i t i o n a l   s u b s t a n t i a l l y   n o n - p o r o u s ,   w a t e r - s w o l l e n  

c a t i o n   p e r m s e l e c t i v e   m e m b r a n e   is  u s e d .  

10.   The  a p p a r a t u s   of  c l a i m   8  w h e r e i n   a t   l e a s t   o n e  

s u b s t a n t i a l l y   n o n - p o r o u s ,   w a t e r - s w o l l e n   n e u t r a l   m e m b r a n e  

is   u s e d .  


















	bibliography
	description
	claims
	drawings

